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Volume 111 contains Appendices A through E. Each of these 
appendices represents an investigation performed in support 
of a topic in Volume 11,  and either too detailed for in- 
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principal line of study as Volume I1 material. 
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APPENDIX A 

SAMPLE SHIELDING CALCULATION 

Th i s  appendix p r e s e n t s  a sample s h i e l d i n g  c a l c u l a t i o n  t h a t  w a s  con- 

duc ted  f o r  t h e  SN-IV n u c l e a r  engine.  The c a l c u l a t i o n  p r e s e n t e d  is 

g e n e r a l l y  r e p r e s e n t a t i v e  of  s h i e l d i n g  s t u d i e s  t h a t  were performed f o r  

t h e  eng ines  wi th  l a r g e r  power, i n  t h a t  i t  w a s  necessa ry  t o  sca l e -up  

d a t a  p r e v i o u s l y  ob ta ined  f o r  eng ines  o f  NERVA and PHOEBUS power l e v e l s ;  

t h e  need f o r  s c a l i n g  d a t a  a r i s e s  from l a c k  of d e f i n i t i v e  in fo rma t ion  

on r a d i a t i o n  f l u x e s  i n  high power l e v e l  r e a c t o r s .  

A . l  CALCULATION. - The s h i e l d  shape chosen f o r  a n a l y s i s  w a s  a f rustum 

( s e e  F igure  A - 1 ) .  The t a p e r  observed a t  p o i n t s  b and B starts a t  t h e  

edge of t h e  a c t i v e  co re .  P o i n t s  C and D a r e  l o c a t e d  a t  a p o i n t  on 

t h e  l i n e  j o i n i n g  t h e  midpoint of t h e  o u t s i d e  s u r f a c e  o f  t h e  r e a c t o r  

and t h e  t angen t  t o  t h e  p r o p e l l a n t  tank.  

The c a l c u l a t i o n  f o r  h e a t  t r a n s f e r  of t h e  SN-IV n u c l e a r  engine  is based 

on and r e f e r e n c e d  t o  a 1500-MW unsh ie lded  r e a c t o r  which d e p o s i t s  1600 

Btu/sec o f  h e a t  i n t o  a f u l l  l iqu id-hydrogen  t a n k ,  257-inches i n  diam- 

e t e r .  Th i s  r e f e r e n c e  1500-MW r e a c t o r ,  sub tends  a s o l i d  a n g l e  of 0.785 

s t e r a d i a n s  from t h e  c e n t e r  o f  t h e  r e a c t o r  t o  t h e  t ank .  The 1600 Btu/ 

sec of h e a t  c o n s i s t s  of 720 Btu/sec from gamma r a y s ,  500 Btu/sec from 

secondary gamma r a y s ,  and 380 Btu/sec from neu t rons .  

The SN-IV n u c l e a r  engine  is powered by a 20,000-MV r e a c t o r ;  t h e r e f o r e :  

Btu 2o Oo0 MW x 1600 = 21,300 Btu/sec,  1 : 500 M W  

t h e  h e a t  t r a n s f e r r e d  by a 20,000 MW r e a c t o r  which h y p o t h e t i c a l l y  h a s  

t h e  same s o l i d  a n g l e ,  s e p a r a t i o n  d i s t a n c e  and t a n k  d i ame te r  as t h e  

1 5 0 0 - M I V  r e a c t o r .  

s e p a r a t i o n  d i s t a n c e  and tank d i ame te r ,  h e a t  t r a n s f e r  (Q) v a l u e s  for 

t h e  20,000-MW r e a c t o r  were determined by m u l t i p l y i n g  21,300 Btu/sec 

by t h e  r a t i o  of  v a r i o u s  s o l i d  a n g l e s  t o  t h e  r e f e r e n c e  s o l i d  a n g l e  

(0.785 s t e r a d i o n s ) .  

r e a c t o r / t a n k  s e p a r a t i o n  d i s t a n c e s  of  175, 200, 225, 250, 275 and 300 

Since  t h e  s o l i d  a n g l e  is a f u n c t i o n  of r e a c t o r / t a n k  

An LHz t a n k  d iameter  of  380 i n c h e s  and assumed 

A- 1 
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Figure A - 1 .  Shield Geometry 

TANK DIAMETER'257 IN. 

Figure A - 2 .  S o l i d  Angle Calculation 
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i n c h e s  were used f o r  h e a t  t r a n s f e r  c a l c u l a t i o n s  of t h e  SN-IV r e a c t o r .  

The r e a c t o r / t a n k  s e p a r a t i o n  d i s t a n c e s  a r e  measured from t h e  end of t h e  

r e a c t o r  t o  t h e  bottom of a h y p o t h e t i c a l  e l l i p t i c a l  bulkhead which has  

an a x i s  r a t i o  of 1 .38 : l .  T h i s  bulkhead is c a l l e d  h y p o t h e t i c a l  because 

t h e  a c t u a l  bulkhead may no t  have a 1 .38: l  r a t i o ;  however t h e  d i s t a n c e  

is measured r e l a t i v e  t o  t h i s  s u r f a c e .  

The r e f e r e n c e  r e a c t o r / t a n k  dimensions a r e  shown i n  F igu re  A-2 and t h e s e  

dimensions a r e  used f o r  t h e  r e f e r e n c e  s o l i d  a n g l e  c a l c u l a t i o n .  

For a 1 . 3 8 : l  e l l i p t i c a l  bulkhead t h e  minor a x i s  is - = 93 inches .  

S e p a r a t i o n  d i s t a n c e  from t h e  r e a c t o r  c e n t e r  t o  t h e  bottom of  t h e  t ank  

is 139 i n c h e s ,  

128.5 
1.38 

128.5 then ,  t a n  a - - - 93+139 

and a = 29.0°,  4/2 = 

The s o l i d  a n g l e  ( fl) 

- - -  128*5 - 0.555 - 232 

14.5' 

= 4 n  s i n  a / 2  = 0.785 s t e r a d i a n s .  2 

For t h e  20,000-M\V SN-IV r e a c t o r  w i t h  380-inch t ank ,  t h e  geometry shown 

i n  F igu re  A - 3  w a s  used f o r  t h e  c a l c u l a t i o n s  as fo l lows:  

2 37 = 1/2L + s1 + s 

where: L = 90 i n c h e s  ( r e a c t o r  l e n g t h ) ,  

S1 = 175, 200, 225, 250, 275, and 300 i n c h e s  ( d i s t a n c e  from 
t h e  t o p  of  t h e  r e a c t o r  t o  t h e  1.38:l bu lkhead) ,  

= 190/1.38 = 137.8 inches .  s2 and 

From Figure  A - 3 ,  

1/2 L = EH = 1/2 (90)  = 45 i n c h e s  

= HI = (175 + ASN) 
s1 

where: A S  = t h e  increment  of s e p a r a t i o n  d i s t a n c e s  

and,  

t h e n ,  EF = 45 + 137.8 + S1 = 182.8 + S1 

N = 0, 1, 2 ,  3,  4, 5 (number o f  increments  i n v e s t i g a t e d ) .  
- 

A-3 
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c 

D 

Figure A - 3 .  Reactor - Shield - Tank Geometry 

By ca lcu la t ing  using the assumed separation dis tances ,  the s o l i d  

angles  can be obtained. 

equations, s e e  Table A-1. 

For s o l i d  angles  and data derived from these  

Table A-1. So l id  Angle for  S ix  Values of  S1 

n 
0.785 
- n - 

EF Tan U U(DEG) U/2(DEG) sin2 a42 
~ ~~~~~ ~~ ~~ ~~~ ~~ 

357.8 0,532 28.0 14.0 0.0585 0.735 0.936 

382,8 0.496 26.4 13.2 000520 00654 0.832 

407.8 0,466 25.0 12.5 0.0467 0.586 0.746 

432.8 0.440 23.7 11 . 85 0.0421 0.530 0.675 

457.8 0.415 22.5 11.25 0.0380 0,476 0,606 

482.8 0.393 21.5 10 75 0,0348 0.436 0.556 

A-4 
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Heat t r a q s f e r  v a l u e s  c a l c u l a t e d  by t h e  method o u t l i n e d  a r e  p r e s e n t e d  

i n  Table  A-2. 

Table  A-2. Values Used i n  Computing t h e  Heat T rans fe red  

SWARATION DISTANCE, 

1 Q = -  x 21300 (BTU/SFC) * LB-OF 0.785 S1 ( i n . )  

175 

200 

225 

250 

275 

300 

* C = 2.5 
P 

20000 

17720 

15900 

14400 

12920 

11880 

8000 

7100 

6360 

5760 

5170 

4750 

The ra te  of tempera ture  r i s e  as a f u n c t i o n  of t i m e  i s  shown i n  Table  

A - 3  

The f r a c t i o n  ( f )  of p r o p e l l a n t  remaining a f t e r  a p a r t i c u l a r  t ime i n t e r -  

v a l  is noted  i n  t h e  Table .  To c o r r e c t  f o r  t h e  r a d i a t i o n  e scap ing  from 

t h e  s u r f a c e  of  t h e  t h i n  l a y e r  of  p r o p e l l a n t  l e f t  a f t e r  720 seconds o f  

o p e r a t i o n ,  a c o r r e c t i o n  f a c t o r  a t  f=0.01 must be c a l c u l a t e d .  

To calculate t h e  depth  o f  p r o p e l l a n t  of f=0.01 

Tank r a d i u s  = 190 inchee  

Tank c r o s s  s e c t i o n  a r e a  = 7.31 x 10 cm 
P r o p e l l a n t  l oad ing  800,000 l b  = 3.63 x 10 gm 

F o r a  d e n s i t y  of p = 0.07 gm/cm 

5 2  

8 

3 

9 3  c m  Vol o f  LHZ = 3*63 
7 x 

lo = 5.18 x 10 

5*19 

7.31 x 10 
log - 7070 cm dep th  of LH2 5 -  t h e n ,  

which is 232 f t  ( f u l l  t a n k ) .  

A t  f=0.01,  LH2 depth  = 2.32 f t  = 27.8 inches ,  

A - 5  
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Figures A-4 and A-4A are plots of the ratio of the fraction of gammas 

and neutrons absorbed as a function of LH propellant. 

From Figure A-4 read the gamma ratio = 0,146 at 27.8 inches. 
2 

The correction factor is: 

C.F --= 494 0.308 - 1600 

The values at f = 0.01in Table A-3 have been multiplied by the 
correction factor 0.308. 

From Figure A-4 read the neutron ratio = 0.832 at 27.8 inches. 

To determine the heat absorption in 27.8 inches of LH2 due to radiation, 
assume the secondary radiation can be added to the primary radiation. 
Full tank radiation = 1600 Btu (720 Btu/sec - gamma, 500 Btu/sec - 
secondary gamma and 380 Btu/sec - neutrons). 

The values in Table A-3 are plotted as a function of burning time and 

are shown in Figure A-5. Integrating these values numerically, the 
total rise in temperature during the burning phase is obtained. The 
integration is accomplished by adding the OF/sec at the midpoint of 

each 100 second interval. The sum is then multiplied by the interval 
width to obtain OF of temperature rise (see Table A-4). The incre- 

mental pressure rise in relation to incremental temperature rise is 
presented in Table A-5. By dividing the applied temperature rise 
in Table A-5 by the unshielded temperature rise in Table A-4, the 

transmission factor is obtained (see Table A-6). The large total 
value in Table A-4 is the unshielded temperature rise, the smaller 
total value is the shielded temperature rise. A family of curves of 
attenuation versus LiH thickness for uranium thicknesses (see Table 
A-7) are shown in Figure A-6. 

A-7 
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Table A-4.Integration of Temperature Rise 

11 
~ 

SEPARATION DISTANCES 
275 in.  300 i n .  175 i n .  200 i n .  225 in. 250 i n .  

'I' 

1 

0 . 0106 0 . 00945 0 00855 0 . 00780 0.00700 0 . 00640 

0.0126 0.01100 0.01000 0 . 00915 0 . 00810 0 . 00745 

0.0151 0.01320 0.01200 0.01100 0 . 00980 0 . 00900 

0.0191 0.01690 0.01500 0.01390 0.0123 0.0114 

0 . 0261 0.02310 0.02070 0 . 01 900 0.0170 0.0155 

0.0270 0 . 0246 0 . 0410 0 03700 0 e03300 0 . 03000 

0 . 0870 0.08600 0.07600 0 . 07000 0.0620 0.0580 

T o t a l s  0.2115 0.19665 0 . 17525 0 . 16085 0.1432 0.1324 

21  . 15OF 19.66-F 17.52OF 16.08OF 14.32'F 13.24OF T o t a l  
unshielded 
r i s e  

Table A-5. Pressure Temperature Relat ion 

A P (PSI)  A T  O F  

0.5 

1.0 

2.0 

4.0 

6.0 

0.178 

0.390 

0.75 

1.36 
1.94 

A - 1 1  
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Table A- 6 .Transniission Fac to r s  

A l J  (PSI)  175 i n .  200 in .  225 in .  250 i n .  275 i n .  300 in .  

0.5 0.00842 0.00906 0.01015 0.01109 0.01240 0.01343 

1.0 0.01849 0.01988 0.0223 0.0243 0.02725 0.0295 

2.0 0 . 0354 0.0382 0.0428 0 . 0466 0.0523 0.0566 

4.0 0 . 0644 0 0692 0 . 0775 0.0846 0.0949 0 . 1028 

6.0 0.0917 0.0987 0.1105 0.1208 0.1352 0.1462 

Table A-7.Thickness of L i H  and U i n  CM 

A P  (PSI)  175 i n .  200 in .  225 in .  250 in .  275 in .  300 in .  

0.5 34.0 

6.5 

1.0 34.6 

4.5 

2.0 28.9 

3.5 

4.0 33.7 

2.25 

6.0 30.2 

1.75 

33.0 34.0 34.7 

6.5 6.0  5.5 

32.5 32.2 32.2 

4.5 4.25 4.25 

29.3 31.6 28.0 

3.25 3.0 3.0 

28.1 31.8 25.5 

2.25 2.0 2.0 

24.8 26.8 22.2 

1.75 1.5 1.5 

33.8 

5.5 

34.2 

3.75 

28.3 

2.75 

26.2 

1.75 

24.2 

1.25 

32.4 L iH 

5.5 u 
31.1 LiI1 

3.75 u 
31.8 LiH 

2.5 U 
23.2 LiH 

1.75 U 
32.0 L i H  

1.0 u 

A-12 
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The v a l u e s  i n  Table A-7 are conver ted  t o  s h i e l d  weight  ( i n  pounds) 

by m u l t i p l y i n g  t h e  t h i c k n e s s  by a de r ived  c o n s t a n t .  The volume of  a 

frustum is g iven  by: 
I 

V = 1/3 (A1 + A + A1 R2 ) h 2 

where: 

S ince  t h e  r a d i i  of A1 and A2 are known, V/h can be  c a l c u l a t e d .  Using 

t h e  d e n s i t y  of LiH a s  0.507 grn/cm3 (30 p e r c e n t  reduced f o r  vo id  f r a c -  

t i o n )  and 13.1 gm/cm3 f o r  U a l s o  30 p e r c e n t  reduced ,  t h e  d e n s i t y  ( p )  

is c a l c u l a t e d  i n  lb/cm . 

A and A2 a r e  t h e  areas of t h e  two b a s e s  and h is  t h e  t h i c k n e s s .  1 

3 

Then: ( P )  = h h x lb/cm3 = lb/cm (weight  of s h i e l d  p e r  c m  of mater ia l ) ,  

2 = 46,400, 45,226, 43,993, 43,090, 42,213, 41,450 cm h 

Mul t ip ly ing  t h e s e  va lues  by t h e  d e n s i t i e s  o f  LiH and U, 

LiH/cm = 51.9, 50.6, 49.2, 48.4, 47.4, 46.4 lb/cm 

U/cm = 1340, 1308, 1270, 1249, 1220, 1198 lb/cm 

Then, lb/cm x t h i c k n e s s e s  i n  Table A-7 = s h i e l d  weight  i n  pounds ( s e e  

Table A - 8 ) .  

1 
I A p l o t  of s h i e l d  weight v e r s u s  s e p a r a t i o n  d i s t a n c e  a p p e a r s  in Volume 

1 11, S e c t i o n  3.8 (F igure  3-73).  

A-14 

1 
1 
1 
I 

I 
I 
1 
1 
1 
I 
1 
1 
I 
1 
1 
I 
1 
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Table A-8.  Shield Weights i n  Pounds 

f l P  175 IN. 200 IN. 225 IN. 250 IN. 275 IN. 300 IN. 

PSI 

0.5 1760 

8710 

To ta l  10470 

1670 

8500 

10170 

1675 

7610 

9285 

1680 

6860 

8440 

1600 

6700 

8300 

1500 l b  LiH 

6590 l b  U 

8090 1b 

I 1.0 1795 

6040 

Tota l  7835 

1641 

5890 

7531 

1585 

5 400 

6985 

1558 

5 300 

6858 

1622 

4570 

61 92 

1441 

4500 

5941 

2.0 1500 

4700 

Tota l  6200 

1480 

4250 

57 30 

1555 

3810 

5365 

1354 

3740 

5094 

1340 

3 350 

4690 

1475 

3000 

4475 

4.0 1749 

3020 

Tota l  4769 

1420 

2 940 

4360 

1565 

2540 

4105 

1230 

2500 

3730 

1240 

2140 

3380 

1076 

2100 

3176 

6.0 1568 

2340 

Tota l  3908 

1253 

22 90 

3543 

1320 

1905 

3225 

1072 

1870 

2942 

1146 

1525 

2671 

1485 

1198 

2683 

A - 1 5  
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APPENDIX B 

SOLAR FLARE RADIATION DAMAGE I N  MATSRIALS 

B . l  GENERAL. I n  o r d e r  t o  compare t h e  r a d i a t i o n  damage due t o  Van 

A l l e n  b e l t  h igh  ( E  > 100 MeV) and low (E 100 MeV) energy  p r o t o n s  

t o  t h e  r a d i a t i o n  damage due t o  a s o l a r  f l a r e ,  t h e  e f f e c t s  of  each  

w i l l  be c a l c u l a t e d  and  t a b u l a t e d .  

The p a r t i c u l a r  s o l a r  f l a r e  which w i l l  be chosen f o r  t h i s  s t u d y  is 

t h e  C l a s s  3+ f l a r e  of  10 May 1959 s i n c e  i t  w a s  t h e  l a r g e s t  3+ f l a r e  

r e c o r d e d  d u r i n g  t h i s  s o l a r  cyc le .  

A t t e n t i o n  i s  drawn t o  t h e  fac t  t h a t  a Class  4 f l a r e  such  a s  t h e  one 

of  23 February  1956 w a s  not c o n s i d e r e d  i n  t h i s  s tudy .  I n  a d d i t i o n ,  

no c o n s i d e r a t i o n  w i l l  be given t o  s h i e l d i n g  p o s s i b i l i t i e s  i n  t h e  

c a l c u l a t i o n  of  atomic d i sp lacemen t s  . 
B.2 APPROACH AND ANALYSIS 

B.2.1 Basic Theory of C o l l i s i o n  and Energy Loss .  The b a s i c  problem 

t o  be c o n s i d e r e d  i n  t h i s  s e c t i o n  i s  t h e  means by which energy  is 

t r a n s f e r r e d  and t h e  ra te  at which energy  is t r a n s f e r r e d  froiii a 

p a r t i c l e  t r a v e l i n g  w i t h  v e l o c i t y ,  v ,  t o  an atom assumed t o  be a t  

res t .  

There  are t h r e e  t y p e s  o f  c o l l i s i o n s  which a charged  p a r t i c l e *  can  

exper ience .  

a. Ruther ford .  

b. Hard-sphere type.  

C .  The gray  area i n  which t h e  c o l l i s i o n s  are  n e i t h e r  Ru the r fo rd  

no r  ha rd  sphere .  

B.2.1.1 Ru the r fo rd  C o l l i s i o n s .  I n  t h e  h igh  energy  r a n g e  t h e  

c o l l i s i o n s  are  p r i m a r i l y  o f  t h e  Ru the r fo rd  type.  According t o  t h e  

p r e s e n t a t i o n  of Dienes and Vineyard of t h e  a n a l y s i s  by Bohr, t h e  

* Charged p a r t i c l e s  o t h e r  t h a n  e l e c t r o n s .  The e l e c t r o n s  w i l l  be 

t r e a t e d  s e p a r a t e l y .  

B-1 
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approaching charged p a r t i c l e  i n t e r a c t s  w i th  t h e  s t a t i o n a r y  atom 

wi th  a screened  coulomb p o t e n t i a l  of t h e  form: 

-r/a e z1 z2 e2 V ( r )  = B-1 
r 

where : z1 = 

z2 = 

r =  
a =  

atomic number of t h e  moving p a r t i c l e  w i th  t o t a l  

charge 2 e 

atomic number of t h e  s t a t i o n a r y  a t o m  w i t h  t o t a l  charge  

Z2e . 
s e p a r a t i o n  d i s t a n c e  

sc reen ing  r a d i u s  

1 

a 2 a / (Z1 2/3 t ZZ2/3) 1/2 
0 

E- 2 

-9 a *Bohr r a d i u s  of hydrogen = 5.29 x 10 cm. 
0 

S i n c e  energy is conserved i n  Ruther ford  C o l l i s i o n s ,  one may apply 

conse rva t ion  of energy i n  s c a t t e r i n g  c a l c u l a t i o n s ,  and u t i l i z e  t h i s  

s c r e e n i n g  p a t e n t i a l  as d e r i v e d  by Bohr. For example, i f  t h e  screen-  

i n g  is n c b l e c t e d  * and a Coulomb p o t e n t i a l  of t h e  form (€3-3) is 

used;  

n- 3 
r 

and t h e  c lass ical  d i s t a n c e  of c l o s e s t  approach can  be ob ta ined  as 

fo l lows  : 

I n i t i a l  Gnergy of incoming p a r t i c l e  = Unergy of s c a t t e r e d  p a r t i c l e  

2 + V ( r )  

1/2 MV2 = 1/2 M V  12 z1 Z2e 
r + B- 4 

I 
I f  a l l  t h e  energy is t r a n s f e r r e d ,  then  V = 0, anu t h e  d i s t a n c e  of 

c l o s e s t  approach is:  

2 22 Z2e  
1 

PIV 
r =  B- 5 

1 
1 
1 
I 
'I 
1 
1 
I 
1 
1 
I 
I 
S 
i 

Screening  accounts  f o r  t h e  Coulomb i n t e r a c t i o n  between t h e  e l e c -  

t r o n  c loud  sur rounding  the s t a t i o n a r y  nuc leus  and t h e  incoming 

p a r t  i c  1 e. 
B-2 
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Genera l ly  t h e  reuuced  iiiass coiicept is useu,  i . e . ,  bl i n  B-5 is re- 

2laceci by p , which i s :  

n- 6 

I n  o r u e r  t o  rriore c l e a r l y  d e f i n e  t h e  energy  reg ior i s  i n  which t h e  

s p e c i a l i z e a  c a s e s  of c o l l i s i o r i s  app ly ,  t h e  parameter b/a is i n t r o -  

duced such  t h a t :  

2Z1 Z 2 e  2 

b =  
lr\ v2 

u-7 

and a is d e f i n e d  by 13-2. idhen t h e  reuuceu  m a s s  concept  is used ,  

r ,  t h e  d i s t a n c e  of c l o s e s t  approach n e g l e c t i n g  s c r e e n i n g  becomes 

b. dxaminat ion  of  B-1 i n  t h i s  l i g h t  t h e n  g i v e s  i n s i g h t  i n t o  t h e  

t y p e s  of  c o l l i s i o n s  and p o s s i b l e  e n e r g i e s ,  s i n c e  b is a n  i n d i c a t i o n  

of  t h e  r e c i p r o c a l  of t he  i n i t i a l  enel.gy of  t h e  i n c i d e n t  p a r t i c l e .  

If b/a << 1, t h e  exponen t i a l  f u n c t i o n  may be n e g l e c t e d  and  t h e  

in te rbac t ion  is of t h e  Ruther ford  type.  T h i s  t y p e  w i l l  now be  

cons idered .  

A p rope r  measure of t h e  p r o b a b i l i t y  t h a t  the incoiiiing p a r t i c l e  and 

t h e  s t a t i o n a r y  nuc leus  w i l l  i n t e i . a c t  a t  all is t h e  c r o s s  s e c t i o n  which 

t h e  inconilng p a r t i c l e  sees .  Fol lowing  Dienes and  Vineyard,  t h e  

c r o s s  s e c t i o n  f o r  Ruther ford  s c a t t e r i n g  v a l i d  f o r  Coclloinb i n t e r -  

a c t i o n s  is: 

B-8 

1\1 = m a s s  of incoming p a r t i c l e  

b12 = mass of  s t a t i o n a r y  nuc leus  

1 where : 

T = energy t r a r i s f e r r e d  t o  s t a t i o n a r y  n u c l e u s  

d o =  d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  energy  t r a n s f e r  

T t o  T + dT 
ER = Hydberg energy = 13.60 ev 

E = energy of incoming par t i c l e  

B- 3 
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The p a r t i c u l a r  cross s e c t i o n  of  i n t e r e s t  i n  t h i s  c a s e  is t h e  d i s -  

placement c r o s s - s e c t i o n ,  and s i n c e  i t  is g e n e r a l l y  assumed t h a t  

t h e r e  is a minimum energy* E below which no u isy lacements  occur ,  

t h e n  : 

d 

B-10 

Assuming t h a t  T /Ed >> 1. l iquat ion E)-10 is v a l i d  f o r  b <<a. 
m 

E = t h e  maximum energy t r a n s f e r  a l l o w a b l e  by 

t h e  c o n s e r v a t i o n  of energy and momentum. 

4M1M2 Tm = 
( M ~ + M ~ )  

2 

The degrada t ion  i n  ene rgy /un i t  d i s t a n c e  s u f f e r e d  by t h e  i n c i d e n t  

p a r t i c l e  due t o  these  d isp lacement  c o l l i s i o n s  a l o n e  is: 

a 

B-12 

where: C = 4Tf a. 2 (Ml/M2) Z1 2 2  Z2 (ER2/E) 

and No = Atom number d e n s i t y  of t h e  t a r g e t  

m T 

Ed 
t No C(ln - ) 

S i n c e  t h e  energy l o s s  due t o  d i sp l acemen t s  aloiie is i n  a r a t h e r  

r e s t r i c t e d  r e g i o n ,  t h e  energy loss over  t h e  e n t i r e  Coulomb r e g i o n  

w i l l  be c a l c u l a t e d  f o r  t h e  purpose of l a t e r  comparing w i t h  i o n i z a -  

t i o n  l o s s e s .  According t o  t h e  method of S e i t z  and Koehler :  

* T h i s  minimum energy is assumed throu&hout  t h e  r e p o r t  as 25 ev. 

B- 4 
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A a 

- dE dX - - N C  0 l{:) 
C 

I I f  
where: T i s  t h e  l a r g e r  of  T o r  T a a a 

2 
M1 2/3 -+ z2 2/3) T: 4 Z1 2 2 ER 

z2 - - (zl E F12 

and 

f o r  K < 1 2/ 3 + z2 1 ER 2/3 
91 = (z 

M2 1 Ta 

0-14 

B.- 1 5 

B-16 

B- 17 

u- 18 

U-19 

is t h o  m a s s  of t h e  e l e c t r o n .  "'e where : 

I f  t h e  energy of t h e  i n c i d e n t  charged  p a r t i c l e  is  g r e a t e r  t h a n  t h e  

i o n i z a t i o n  t h r e s h o l d  E the energy loss due t o  i o n i z a t i o n  beg ins  

t o  become impor tan t .  Dienes and Vineyard p r e s e n t  a formula  which 

a c c o u n t s  f o r  t h e  energy loss due t o  i o n i z a t i o n  between E and 

below t h e  r e l a t i v i s t i c  reg ion .  T h i s  formula is as fo l lows .  

i' 

i 

4 / 2  2 - -  dE = (4TT e Z1 /Mv NoZi I n  (2Mv2/J) 
e dX 

where : 

J L! 10 Z2 ev. 

B- 20 
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I 

Z 2  = 
t h e  number of e l e c t r o n s  whose e x c i t a t i o n  energy i s  less  

t h a n  (M/M1)E. 

charge of t h e  moving atom. 
I 

Zle = 

F i n a l l y ,  when t h e  energy of t h e  charged p a r t i c l e  r e a c h e s  t h e  r e l a t i -  

v i s t i c  r ange ,  S e i t z  and Koehler  p o i n t  o u t  t h a t  t h e  i o n i z a t i o n  l o s s  i s  

B-21 

I f  1'1 i s  n e g l i g i b l e  i n  comparison w i t h  1, then :  m 
B = v/c IZ 13.6 Z1 B-22 

B.2.1.2 Hard-sphere C o l l i s i o n s .  I n  t h e  hard-sphere  i n t e r a c t i o n s ,  t h e  

incoming p a r t i c l e  i s  i n  the  low energy  r ange  and t h e  ene rgy  w i l l  be  

l o s t  t o  t h e  s t a t i o n a r y  atoms p r i m a r i l y  through i n e l a s t i c  c o l l i s i o n s .  

The parameter  b/a>> 1 and t h e  s c r e e n i n g  cannot  be neg lec t ed  i n  t h i s  

c a s e ;  however, t h e  common p r a c t i c e  i s  t o  t r e a t  t h e  c o l l i s i o n s  from a 

c l a s s i c a l  mechanics p o i n t  o f  view. The r e a d e r  i s  r e f e r r e d  t o  S e i t z  

and Koehler  f o r  the  s u b t l e  d e t a i l s  of t h e  f a i l u r e  o f  c l a s s i c a l  mech- 

a n i c s  i n  hard-sphere c o l l i s i o n .  
/ 

B.2.1.3 In te rmedia te -Energ ies .  The i n t e r m e d i a t e  energy range  ( b -  a )  

where n e i t h e r  Ru the r fo rd  nor hard-sphere  c o l l i s i o n s  t a k e  p l a c e  i s  ex- 

t remely  complicated.  The means by which t h i s  r e g i o n  h a s  been i n v e s -  

t i g a t e d  h a s  been a8 fo l lows :  

and t h e  s c a t t e r i n g  l a w  i s  of t h e  form: 

Ruthe r fo rd  s c a t t e r i n g  occur s  f o r  b / a < < 1  

B-23 

On t h e  o t h e r  hand, i n  hard-sphere c o l l i s i o n s  b/a >>1, and t h e  s c a t t e r -  

i n g  l a w  i s  of t h e  form: 

I d o  a d T  B-24 

B-6 
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T / m  

- dE = NoC lfe) 
dX 

C 

I f l  

a where: T is t h e  l a r g e r  of Ta o r  T a 

2 8 
Ta * 4 Z1 

E M2 

2 
Ti 4 Z1 z2 - - M1 (zl 2/3 2/3) 2 2 ER 

+ z2 E M, 

K = 22 1 2  Z (" E . ?)>l 

and 

f o r  K 1 2/3 
", = (z 

Ta M2 

U-14 

Be- 1 5 

E-16 

B-17 

€3-18 

B-19 

is t h e  mass of t h e  e l e c t r o n .  "'e where : 

I f  t h e  energy  of t h e  i n c i d e n t  charged  p a r t i c l e  is g r e a t e r  t h a n  t h e  

i o n i z a t i o n  t h r e s h o l d  E t h e  energy  l o s s  due t o  i o n i z a t i o n  b e g i n s  

t o  become impor tan t .  Dienes and  Vineyard p r e s e n t  a formula  which 

a c c o u n t s  f o r  t h e  energy  loss due t o  i o n i z a t i o n  between E and 

below t h e  r e l a t i v i s t i c  reg ion .  T h i s  formula  i s  as fo l lows .  

i '  

i 

* -  dE = (417 e4il2/Mv2) N o Z i  I n  (2Mv2/J) 
e dX 

where : 

J ZE 10 Z2 ev. 

€3- 20 

B-5 
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I I f  "1 i s  n e g l i g i b l e  i n  comparison w i t h  1, then :  m 
B-22 !9 = v/c I2 * 13.6 Z1 

B.2.1.2 Hard-sphere C o l l i s i o n s .  I n  t h e  hard-sphere  i n t e r a c t i o n s ,  t h e  

incoming p a r t i c l e  i s  i n  t h e  low energy  r ange  and t h e  ene rgy  w i l l  be  

l o s t  t o  t h e  s t a t i o n a r y  atoms p r i m a r i l y  through i n e l a s t i c  c o l l i s i o n s .  

The parameter  b/a>> 1 and t h e  s c r e e n i n g  cannot  be n e g l e c t e d  i n  t h i s  

c a s e ;  however, t he  common p r a c t i c e  i s  t o  t r e a t  t h e  c o l l i s i o n s  from a 

c l a s s i c a l  mechanics p o i n t  of view. The r e a d e r  i s  r e f e r r e d  t o  S e i t z  

and Koehler  f o r  the s u b t l e  d e t a i l s  of t h e  f a i l u r e  o f  c l a s s i c a l  mech- 

a n i c s  i n  hard-sphere c o l l i s i o n .  

B.2.1.3 In te rmedia te -Energ ies .  The i n t e r m e d i a t e  energy range  ( b -  a )  

where n e i t h e r  Ru the r fo rd  nor hard-sphere  c o l l i s i o n s  t a k e  p l a c e  i s  ex- 

t r eme ly  complicated.  The means by which t h i s  r e g i o n  h a s  been inves -  

t i g a t e d  h a s  been as fo l lows :  

and t h e  s c a t t e r i n g  l a w  i s  of t h e  form: 

Ru the r fo rd  s c a t t e r i n g  o c c u r s  f o r  b / a < < l  

I 

Z 2  = t h e  number o f  e l e c t r o n s  whose e x c i t a t i o n  energy i s  l e s s  

than  (M/M1)E. 

charge o f  t h e  moving a t o m .  
I 

Zle = 

F i n a l l y ,  when t h e  energy o f  t h e  charged p a r t i c l e  r e a c h e s  t h e  r e l a t i -  

v i s t i c  r a n g e ,  S e i t z  and Koehler  p o i n t  o u t  t h a t  t h e  i o n i z a t i o n  l o s s  i s  

B-21 

B-23 

On t h e  o t h e r  hand, i n  hard-sphere  c o l l i s i o n s  b/a >>1, and t h e  s c a t t e r -  

i n g  l a w  i s  of t h e  form: 

d o  = d T  B-24 

B-6 
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which s imply means t h a t  a l l  energy t r a n s f e r s  from 0 t o  T a re  e q u a l l y  

probable .  
m 

The s c a t t e r i n g  l a w  f p r  t h e  i n t e r m e d i a t e  e n e r g i e s  ( b  - a) i s  somewhere 

between t h e  two, and i s  conven t iona l ly  t a k e n  as: 

d o  
Tn 

1 <  n < 2  B-25 

Th i s  c r o s s  s e c t i o n  i s  v a l i d  f o r  t h e  f o l l o w i n g  energy  ranges  
2 2Z1Z2e 

b =  
CI v2 

a a =  0 

2/3)M 
+ z2 

2 and for b = a 

t h e n :  
a. "1 M2 'A 

2/3+z 2/3)M 
2 z1 z2 2 ER a. = 

( M ~ + M ~ )  (2, 2 

where: % MlVA2 is t he  energy E for which b = a A 

Hence 
2 Z1Z2ER(M1+M2) (Zl2l3+Z2 2/3)% 

EA = 
M2 B-26 

B . 2 . 2  Mechanisms of Dosage C r i t e r i a  C o r r e l a t i o n .  The passage  of  

n u c l e a r  r a d i a t i o n  through m a t t e r  can n o t  on ly  change t h e  e l e c t r o n i c  

c o n f i g u r a t i o n  of an  atom, t h u s  caus ing  i o n i z a t i o n ,  b u t ,  i t  can ~ l s o  

produce a c t u a l  d i sp lacements  o f  t h e  atom from i t s  h o s t  l a t t i c e  as 

p o i n t e d  o u t  i n  S e c t i o n  B.2.1. The t o t a l  ene rgy  l o s s  per  c e n t i m e t e r  

o f  pa th  l e n g t h  exper ienced  by t h e  c o l l i d i n g  p a r t i c l e  i n  t h e  encoun te r  

i s :  

B-27 

B - 7  
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where: 

t h e  s u b s c r i p t s  e and c denote  energy l o s s  due t o  i o n i z a t i o n  and coulomb 

encoun te r s  ( e l a s t i c  c o l l i s i o n s )  r e s p e c t i v e l y .  

S ince  the  purpose o f  t h i s  r e p o r t  i s  t o  i n v e s t i g a t e  r a d i a t i o n  damage t o  

m a t e r i a l s  due t o  so la r  f l a r e s ,  t he  pr imary i n t e r e s t  w i l l  be devoted 

t o  p r o t o n s ,  neut rons  and e l e c t r o n s .  P a r t i c l e s  h e a v i e r  t han  p r o t o n s  

w i l l  no t  be cons idered .  

The g e n e r a l  approach which w i l l  be used  w i l l  be t o  assume t h a t  t h e  

p a r t i c u l a r  damage parameter be ing  i n v e s t i g a t e d  i s  d i r e c t l y  a f u n c t i o n  

of t h e  number o f  atomic d i sp lacemen t s  p l u s  e f f e c t s  caused by i o n i z a -  

t i o n ,  c f . ,  S e c t i o n  33.2.3. I n  t h i s  way then  e x t r a p o l a t i o n s  can be 

made on t h e  b a s i s  o f  e x i s t i n g  d a t a .  

B.2.3 DisElacement C a l c u l a t i o n s  - Low Energy. The b a s i c  e q u a t i o n  

govern ing  t h e  number o f  d i sp l acemen t s  which w i l l  be produced by t h e  

passage  o f  charged o r  a tomic p a r t i c l e s  through m a t t e r  i s :  

Nd d t  'd  No i?- B-28 

where,  i n  accordance w i t h  t h e  nomenclature  i n  Dienes and Vineyard:  

Nd = t o t a l  number o f  a tomic d i sp lacemen t s  p e r  u n i t  volume 

8 = number o f  bombarding p a r t i c l e s  p e r  u n i t  a r e a  pe r  u n i t  time 

t = bombardment t i m e  

Ud 
N = p a r t i c l e  number d e n s i t y  t h a t  i s ,  

= microscop ic  d isp lacement  c r o s s  s e c t i o n  

0 

NAP - N o  = 
A 

B-29 where: NA = Avogadro's number 

P = Dens i ty  

A = A t o m i c  weight  
- 
V = mean number o f  d i s p l a c e d  atoms p e r  pr imary  knock-on 

ave raged  over  t he  energy spec t rum of t h e  pr imary  knock-on.* 

* T h i s  i s  n o t  q u i t e  t r u e  i n  t h e  c a s e  o f  charged  p a r t i c l e s  as w i l l  be 

s e e n  s h o r t l y .  

B-8 
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be also w r i t t e n  as: 

B-30 

where N E number of primary knock-ons produced p e r  u n i t  volume 
P 

( N P  = 9 t Ud No’ b 

The energy s e n s i t i v e  p o r t i o n s  of (B-28) which must be ana lyzed  on a 

s e p a r a t e  b a s i s  a r e  ba and 

developed which w i l l  account  f o r  d i sp l acemen t s  produced f o r  v e r y  h i g h  

energy i n t e r a c t i o n s ,  t h a t  i s ,  t h e  energy  of t he  bombarding p a r t i c l e  

be ing  g r e a t e r  t h a n  100 MeV. Some work h a s  been done i n  t h e o r y  of  d i s -  

placements  by r e l a t i v i s t i c  e l e c t r o n s  and w i l l  be p r e s e n t e d  i n  S e c t i o n  

B.2.3.2.1. The fo l lowing  s e c t i o n s  a r e  devoted t o  t h e  s e p a r a t e  a n a l y s e s  

o f  0 and v . 

. A t  p r e s e n t ,  a t h e o r y  h a s  n o t  been 

- 
d 

B.2.3.1 P ro tons  

B.2.3.1.1 N o n - r e l a t i v i s t i c .  From S e c t i o n  B.2.1.1, t h e  d i sp lacemen t  

c r o s s  s e c t i o n  f o r  a charged  p a r t i c l e  i s :  

B-31 

f o r  T > > E  

parameter  which de te rmines  the  a p p l i c a b i l i t y  of ( B - 3 1 ) ,  t h e r e f o r e ,  

E w i l l  now be computed f o r  pro tons .  

The q u a n t i t y  EA, d e f i n e d  by (B-26), i s  t h e  l i m i t i n g  
m de 

A 

E = 27.2 Z ( 1 + M 2 )  ( 1 + Z 2  2/3 )?4 
2 2  2 

M2 

B-32 

T h e r e f o r e ,  i f  E ( p r o t o n ) 7 >  E t h e n  ( B - 3 1 )  a p p l i e s .  

.4t t h i s  p o i n t ,  some t ime w i l l  be devoted  t o  a d i s c u s s i o n  of p r e s e n t l y  

a v a i l a b l ;  models f o r  t h e  average number of d i sp l acemen t s  produced p e r  

pr imary  knock-on. 

A* 

S i n c e  t h e  i n c i d e n t  p a r t i c l e  i s  charged ,  t h e  average  energy t r a n s f e r r e d  

i s  no longe r  h igh  b u t  ve ry  c l o s e  t o  Ed, t h e  common ave rag ing  t echn ique  

B-9 
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- Sfda  

where: A i s  some parameter  over  which f i s  t o  be averaged ,  i s  no 

longer  app l i cab le .  

Seve ra l  models a r e  a v a i l a b l e  a t  p r e s e n t ,  t o  account  f o r  t h i s  non- 

l i n e a r i t y ;  however, t h e  a u t h o r  h a s  chosen t o  u s e  t h e  model of Kinchin  

and Pease  because o f  i t s  s i m p l i c i t y  and because  o f  i t s  g e n e r a l  accep t -  

ance.  

= S ' K  

Fol lowing  Dienes and Vineyard aga in ,  i f  a p r o b a b i l i t y  f u n c t i o n  P ( E )  

i s  d e f i n e d  s o  t h a t  once t h e r e  i s  a c o l l i s i o n ,  t h e  p r o b a b i l i t y  p e r  u n i t  

energy  i n t e r v a l  t h a t  t h e  pr imary knock-on r e c e i v e d  a n  energy  E i s  t h i s  

f u n c t i o n  P ( E ) ,  and t h a t  t h e  p r o b a b i l i t y  f o r  d i s p l a c i n g  t h e  atom wi th  

energy t r a n s f e r  E i s  p ( E ) ,  then  P(E) i s  g iven  by: 

do - 
where 0 ( E )  i s  the  c r o s s  s e c t i o n  € o r  energy t r a n s f e r  E. 

t h e r e  f o r e  : 

c= J m v  ( E )  P(E)dE 

I n  accordance wi th  t h e  Kinchin-Pease model 

3-33 

€3-34 

i f  i t  i s  assumed t h a t  t h e  

t a r g e t  atom cannot  be d i s p l a c e d  from i t s  h o s t  l a t t i c e  i f  t h e  energy  

E t r a n s f e r r e d  i s  l e s s  t h a n  E d ,  and i f  i t  i s  assumed t h a t  atoms wi th  

e n e r g i e s  between E d  and 3!Zd a re  d i s p l a c e 4  b u t  cannot  produce f u r t h e r  

d i sp l acemen t s  w h i l e  atoms of energy g r e a t e r  t h a n  2 E d  a r e  always t r n n s -  

f e r r e d ,  t h e n  t h e  number of d i sp lacements  ( E )  i e :  

B - 3 5 ~  

I t  should be noted t h a t  t h e  1, ( E ) ' s  a r e  a c t u a l l y  o b t a i n e d  by s o l v i n g  

a s imple  i n t e g r a l  e q u a t i o n  wi th  s u i t a b l e  boundary c o n d i t i o n s .  The 

r e a d e r  i s  r e f e r r e d  t o  e i t h e r  Dienes and Vineyard,  o r  S e i t z  and Koehler  

f o r  t h e  d e t a i l s  of t h e  s o l u t i o n  of i n t e g r a l  e q u a t i o n s  € o r  t h e  number 

B- 10 
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of  d i sp lacemen t s  i n  a monatomic s o l i d .  

On t h e  o t h e r  hand P ( E )  i s  def ined  as f o l l o w s :  

P(E) = 0 f o r  E < E  

and 

B-36a 
d 

B-36b 
1 d 

= 1 f o r  E > E  

t h e n  from t h e  f a c t  t h a t 0  (E)= - f o r  Ru the r fo rd  c o l l i s i o n s :  
E2 

rn 
P ( E )  =(- T -Ed. 

m 

S o w  t h e n  from (B-34), ( B - 3 5 )  and (B-S7) 

r 

- T 

R-37 

B-38 

B.2.S.1.2 High Hnergies .  The t h e o r y  govern ing  t h e  c a l c u l a t i o n  o f  t h e  

d isp lacement  c r o s s  s e c t i o n s  and t h e  number o f  d i sp lacements  V becomes 

q u i t e  i nadequa te  a t  e n e r g i e s  even lower t h a n  r e l a t i v i s t i c .  

- 

For e n e r g i e s  above E t h e  i o n i z a t i o n  t h r e s h o l d  and u p  t o  100 M e V ,  

t h e  c a l c u l a t i o n  f o r  2 i s  a s  f o l l o w s :  

A t  e n e r g i e s  t h i s  h i g h ,  t h e  number o f  d i sp l acemen t s  produced i s  d i r e c t l y  

a f u n c t i o n  o f  t h e  energy  expended i n  e l a s t i c  c o l l i s i o n s .  Hiiwitz and 

C l a r k ,  as reviewed by Dienes and Vineyard,  d e f i n e d  a f u n c t i o n  which 

i s  t h e  amount o f  energy  l o s s  i n  e l a s t i c  c o l l i s i o n s  ( o n l y )  i n  s lowing  

down from an  energy  E t o  0 as :  

i '  

B-11 
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B-39 

Fol lowing  Hurwi t z  and C la rk  and u s i n g  t h e  p r o b a b i l i t y  f u n c t i o n  d e f i n e d  

by ( B - 3 3 ) ,  t h e  p r o b a b i l i t y  P(E) t h a t ,  g i v e n  a c o l l i s i o n ,  t h e  energy  

t r a n s f e r r e d  from t h e  p r o t o n  t o  t h e  a t o m  i s  E,  t h e n  as b e f o r e :  

and as b e f o r e :  

f o r  Ed < E  < T m ,  t h e r e f o r e :  
rlr A m 

Ed 1 
- 

(E) m- 1 G ( E )  dE 
Tm'Ed E2 

0 

The b e s t  e s t i m a t e  f o r  ? ( e )  i s  s imply:  

B-40 

B-41 

B-42 

B-43 

where t h e  f u n c t i o n s  i n  G(E)  a re  d e f i n e d  by e q u a t i o n s  (B-15) and (B-20) 

i n  t h e  r e g i o n  o f  i n t e r e s t .  A g r a p h i c a l  i n t e g r a t i o n  w i l l  y i e l d  t h e  r e -  

q u i r e d  v ( E ) .  A rough e e t i m a t e  o f  v ( E )  i n  t h i s  energy r ange  i s :  

- Ei 

2Ed 
u ( E )  = - 

E 

B-44 

A c a l c u l a t i o n  of e i t h e r  o f  t h e  p a r a m e t e r s o d  o r  

h a s  n o t  been accomplished t o  d a t e  because  o f  t h e  inadequacy of e x i s t -  

i n g  t h e o r i e s .  The main r e a s o n s  be ing  t h a t  small s c a l e  s p a l l a t i o n  

p roduc t s  a r e  formed i n  a d d i t i o n  t o  t h e  p r o d u c t i o n  o f  s ta r  r e a c t i o n s .  

I n  p a r t i c u l a r ,  Denny and Pomeroy i n d i c a t e ,  on t h e  b a s i s  of e x p e r i -  

mental  ev idence  of Smoluchowski 's ,  t h a t  p ro tons  above 100 Mev w i l l  

( E  above 100 MeV) 

B-12 
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to 5 times as many defects/cn3 as the lower energy 
considered important. 

B.2.3.2 Electrons 
5.2.3.2.1 Relativistic. In the case of electrons the main concern 
in displacement calculations is electrons of relativistic energies. 
The maximum emergy which can be transferred in this case becomes: 

E B-45 2 T = 2(E + 2 mc ) m 
M2 C2 

2 where it was assumed that m<Qi 

sections are applicable in the T energy ranges indicated: 
and E<+12C . 
m 

The following cross- 2 

2 2 2 2  16na Z2 M ER - 1) for EdS Tm S2Ed B-46 u -  0 

( TdEd 
d -  

( M + H ~ ) ~  T~ m 

where : 
T is given by B-45 or: m 

2 2 2  81T a. Z E 

'ZCLEd 
. 2 R for T >> E ~ .  - 

'd - m B-47 

B.2.3.3 Neutrons 
B.2.3.3.1 Low Energies-Thermal Through Fission. In this energy range, 
the assumption of elastic collision is to be used, and with the proper 
integral equation and suitable boundary conditions, it can be shown 

B-48a 
B-48b 

B - 4 8 ~  

In these neutron encounters (neglecting nuclear reactions), the actual 
displacements are assumed to be caused by elastic collisions of the 

neutron which has no charge. 
The commonly accepted practice in determing the displacement cross 

section analytically is to assume that the neutrons are scattered ieo- 
tropically* in elastic collisions are with the nucleus. In these col- 

lisions all energy transfers are equally probable and it can be shown 

* Actually at higher energies, forward scattering become6 extremely 
important. 
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I 

= * B  B-50 or : 

assuming i s  n o t  a f u n c t i o n  of energy. A c t u a l l y  t h i s  assumption i s  

*d - (Tm - Ed) Us 
Tm 

n o t  t o o  bad a t  h ighe r  e n e r g i e a ,  because ,  as B i l l i n g t o n  p o i n t s  oult, 2 

b a r n s s U s s  4 barne f o r  0.6 Yev E 10 MeV. A t  ene rg iea  lower t h a n  

f i e s i o n  though,  0, = f ( E ) .  

ce rned  w i t h  neut rons  of e n e r g i e s  h i g h e r  t h a n  f i s s i o n  from a t h e o r e t -  

i c a l  s t a n d p o i n t ,  because,  h e r e  a g a i n ,  t h e  t h e o r y  i s  l a c k i n g ,  and ve ry  

l i t t l e  exper imenta l  work h a s  been accomplished.  

A t  p r e s e n t ,  t h i s  r e p o r t  rill no t  be con- 

B.2.4 Displacement C a l c u l a t i o n s  - High Energy. A s  mentioned b e f o r e ,  

t h e  h igh  energy  range (E’100 MeV) i s  t h e  m o s t  t roublesome i n  d i s -  

placement  c a l c u l a t i o n s  because t h e  t h e o r y  i s  incomplete .  Be t h a t  as 

it may, a b r i e f  p r e s e n t a t i o n  w i l l  now be made on e x i s t i n g  t h e o r i e s  i n  

h igh  energy r e a c t i o n s .  

M o s t  of t he  p r e s e n t  s o u r c e s  employ t h e  f o l l o w i n g  two-step p r o c e s s  i n  

t h e i r  c a l c u l a t i o n s .  The incoming h i g h  energy  p a r t i c l e  i n e l a s t i c a l l y  

s t r i k e s  t h e  t a r g e t  nuc leus  caus ing  nuc leon  e x c i t a t i o n + .  The p a r e n t  

p a r t i c l e  con t inues  on wi th  a r educed  energy  c a u s i n g  cont inued  nuc leon  

e x c i t a t i o n  and cascade r e a c t i o n s ,  u n t i l  i t  r e a c h e s  a much lower energy  

and comes t o  r e s t  i n  a nuc leus .  The e x c i t e d  nuc leons  however, a r e  

evapora t ed  from the e x c i t e d  nuc leus .  G e n e r a l l y  speak ing ,  p r o t o n s  and 

neu t rons  a r e  evapora ted  from t h e  nuc leus ,  a l though  h e a v i e r  f ragments  

a r e  p o s s i b l e .  As Denny and Pomeroy p o i n t  o u t ,  t h e  energy o f  t h e  

evapora t ed  p a r t i c l e s  i s  i n  t h e  range  of 5 t o  20 MeV, which is, of 

cour se ,  t h e  range  m o s t  u r g e n t l y  s t r e s s e d  i n  r a d i a t i o n  damage c a l c u -  

l a t i o n s .  Me t ropo l i s  e t  a1 have documented t y p i c a l  c r o s s  s e c t i o n s  

f o r  h i g h  energy pion product ion .  But  r a t h e r  t h a n  go i n t o  t h e  a c t u a l  

mechanics of h i g h  energy nuc lea r  r e a c t i o n s  (E’100 Mev), a magic num- 

b e r  t o  u s e  a t  t h i s  s t a g e  o f  t h e  c a l c u l a t i o n s  would be 1 t o  45 t imes 

t h e  r a d i a t i o n  damage o c c u r r i n g  a t  lower e n e r g i e s  (1-20 Mev). Denny 

I 
1 
I 
1 
-8 
.I 
I 
I 
I 
I 
1 
I 
I 

- 0  * P i o n  p r o d u c t i o n  (i.e.,TI , TI ,TI+) i s  t h e  m a j o r  r e a c t i o n  f o r  E g r e a t e r  
t h a n  approximately 400 MeV. 
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and Pomeroy performed a c a l c u l a t i o n  based on t h e  exper imenta l  r e s u l t s  

of Smoluchowski on i o n i c  c r y s t a l s .  This  c a l c u l a t i o n  formed t h e  b a s i s  

f o r  t h i s  1 t o  5 f i g u r e .  

B.3 APPLICATION OF DISPLACEMENT THEORY 

B.3.1 P a r t i c l e  Spec t r a .  T h i s  s e c t i o n  i s  devoted e n t i r e l y  t o  t h e  c a l -  

c u l a t i o n  of d i sp lacements  in predetermined m a t e r i a l s  a f t e r  t r a v e l i n g  

d i r e c t l y  through t h e  cen te r  of t h e  i n n e r  Van Al len  B e l t ,  through t h e  

o u t e r  b e l t  and f i n a l l y  t o  a pa rk ing  o r b i t  a t  some d i s t a n c e  beyond t h e  

o u t e r  b e l t .  I t  w i l l  be assumed t h a t  t h e  v e h i c l e  w i l l  be i n  f u l l  view 

o f  t h e  sun du r ing  each s o l a r  f l a r e  so t h a t  t h e  w o r s t  p o s s i b l e  case  o f  

r a d i a t i o n  damage can be es t imated .  I t  w i l l  a l s o  be assumed t h a t  t h e  

v e h i c l e  w i l l  be i n  o r b i t  f o r  one complete y e a r ,  

The fo l lowing  s p e c t r a  o f  Naugle of Kn i f f en  w i l l  be assumed. 

Inne r  Van Al l en  B e l t :  

85 - + 4 x 10 6 

E405 2 0.2 

pro t one/cm2-Sec-Mev 

10 s E 5 40 Mev 
N(E)  = 

and 
" 

12 2 6 x lo3 protone 
N(E)  = . 7+ cm3-Sec-Mev -0.3 

f o r  40 Mev E 5 100 Mev 

B-51 

B-52 

For  t h e  p r e s e n t  e f f o r t ,  the damage due t o  e l e c t r o n s  w i l l  be neg lec t ed  

s i n c e  they  compose only  a smal l  amount" of t h e  t o t a l  r a d i a t i o n  r e -  

ceived** on a t r a j e c t o r y  o f  t h i s  na tu re .  I n  a d d i t i o n  t o  t h e  i n n e r  

b e l t  r a d i a t i o n ,  t h e  10 May 1959 s o l a r  f l a r e  s p e c t r a  w i l l  be assumed 

s i n c e  i t  was t h e  l a r g e s t  3+ f l a r e  r e p o r t e d  du r ing  t h i s  s o l a r  cyc le .  

This  f l a r e  w a s  of c l a s s  3+ wi th  maximum p a r t i c l e  energy of  approxi-  

mate ly  1 Bev. The a s s o c i a t e d  i n t e g r a l  energy s p e c t r a  o n  May 1 2  

* The smal l  amount r e f e r r e d  t o  he re  i s  i n  r ega rd  t o  t o t a l  r a d i a t i o n  
i n c l u d i n g  solar  f l a r e  protons.  

2 ** With only t h e  s h i e l d i n g  o f  t h e  v e h i c l e  s k i n  ( 2  grams/cm ), t h e  r a t i o  
of t o t a l  accumulated dose of e l e c t r o n s  t o  pro tons  on a l u n a r  a s c e n t  
t r a j e c t o r y  was computed t o  be 27 percen t .  

B-15 
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( n o t  t h e  peak) w a s :  

10 E-3.6 = 3.16 x 10 B-53 

f o r  110 Mev <E<220 Mev 

Although t h e  energy range is  d e f i n i t e l y  l i m i t e d  as f a r  as the  ca l cu -  

l a t i o n s  i n  t h i s  r e p o r t  are  concerned,  Anderson, e t  a l ,  r e p o r t  on a 

p r i v a t e  communication from Rothwel l  t h a t  t h e  spectrum of t h e  C l a s s  3, 

22 August 1958 f l a r e  could  be e x t r a p o l a t e d  down to 30 Mev. Due t o  

t h e  n a t u r e  of t h e  c a l c u l a t i o n s ,  an  e x t r a p o l a t i o n  must be made down 

t o  1 Mev f o r  t h e  10 May 1959, Class 3+ f l a r e * .  A c t u a l l y  t h e  f l a r e  

s p e c t r a  would n o t  be as s t e e p  a s  E 

range  of 1 t o  20 MeV.  There fo re ,  t h e  f l a r e  spectrum becomes: 

N(E) dE = 1.14 x 10 

, b u t  r a t h e r  E-2 o r  E-3 i n  t h e  -4.6 

dE B-54 11 E-4.6 

for 1 Mev S E S  220 Mev 

With t h e s e  e s t a b l i s h e d  s p e c t r a ,  ma te r i a l  damage w i l l  now be examined. 

B.3.2 Material  Damage. The purpose of t h i s  r e p o r t  i s  t o  examine t h e  

fo l lowing  m a t e r i a l s  f o r  r a d i a t i o n  damage: 

a. Mica g. N icke l  m. Glass (Kovar  and 

b. Te f lon  h.  Ceramic 

C. Mylar i. S i l i c o n  

Compres s i  on)  

F i l l e d )  
n. P h e n o l i c  (Minera l  

d. P o l y s t y r e n e  j .  S i l i c o n e  F l u - d s  

e .  Tantalum k. Germanium 

f .  Carbon 1. Minera l  O i l  and Wax 

B.3.2.1 S i l i c o n  - Sample C a l c u l a t i o n .  In t h e  f o l l o w i n g  c a l c u l a t i o n s ,  

a l l  d i sp l acemen t  cross s e c t i o n s  w i l l  be assumed t o  be i n  t h e  Ru the r -  

f o r d  range  f o r  s i m p l i c i t y .  The re fo re :  

B-55 

* Robey used  23 Mev as t h e  lower l i m i t  on t h e  b a s i s  of  c a l c u l a t i o n s  
by Anderson and co-workers. These c a l c u l a t i o n s  ex tended  t h e  spectrum 
down t o  23 Mev so t h a t  cosmic n o i s e  a b s o r p t i o n  cou ld  be comple t e ly  
accounted f o r  by f l a r e  p ro tons .  

I 
I 
I 
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theref ore 

'd 
= 50.24(5.29~10 -9 ) 2 (1 2 )(14 2 2  M1)(13.6 x 10 -6 ) 2 

Finally for silicon: 

ud = 1.81 x 10 -20 (E in MeV) 
E 

or in general 

-22 2" ad = 26 x 10 (j$ m 

B-56 

B-57 

B-58 

for a substance of atomic weight M and being bombarded with protons 
of energy E MeV. 

Since the bombarding particle is charged and the primary knock-ons are 

created in Rutherford collisions, then v ,  for Tm > 2Ed, is: 

and for silicon 

T = 4M1M2 = 0.133 E and Ed = 25 ev. 
M +M 2 m 
( 1  2) 

'6 - 0 133E 
+ In 2 x 25 x 10 v = % l  

B-59 

B- 60 

- 
Y = 0.5 + 7.9+% In E - 

2 
- 
Y = 4.4 + % In E 

* 

where E is in MeV. Using equations B-51, B-52, B-57 and 8-60 of this 

section the following calculation is made for the number of displace- 

ments produced by Van Allen Belt protons. 

100 
Nd = No (1.8 x lo4) (1.81 x [ 4.4 + % lnE] dE 

n 

40 EL E 

0 
+ No (89 x 106)(l.81 x leW2') [ 4.4 + % la] d~ 

10 E4 . 7 E 
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where : 
= 6.02 x Atoms/mol x 2.4 R/cc 

28 grams/mol NO 

No = 5.15 x Atoms/cc 

100 
= 16.8 x lo6 114.4 + % lnE] 5 

40 E Nd 

High Eneru Low Energy 
5 5 Nd = 19,500 + 8,840 + 15.51 x 10 + 4.4 x 10 

= 2 x 10 6 Displacements/cm3 - sec 
It is immediately obvious that the high energy component, that is 
from 40 to 100 MeV, is insignificant ( - 1  percent) compared to the 
low energy component. 

Denny and Pomeroy suggest that 50 percent of the Van Allen Belt pro- 
tons have energies above 100 Mev and that these 50 percent produce 

from 1 to 5 times as many defects as do the protons with energies 
below 100 MeV. Therefore, on this basis: 

-I T 

5Ndl 1-100 Nd J 100-700 
N(>10) + N ( X O )  = N(>100) B-62 

The number of protons with energies greater than 10 Mev using the 
spectra of Naugle and Kniffen is: 

N(>10) t ro 8.9 x lo6 dE 
100 

= 2.405 x lo6 
N(>10) = 481 protons/cm -sec. 

2.00 x loo4 
2 

N(M0) = Jlo0 1.8 1 0 ~ d ~  

40 E2 
2 N(>40) = 90 protons/cm -sec. 

Using the F'reden and White spectra for protons above 

B-63 

B-64a 

100 MeV, it is 
found that: 

2 B-64b protons/cm -sec - Mev -E/170 N(E) = 8.28 f(E) e 

100 E 700 
B-18 
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where: f ( E )  i s  a s lowly varying f u n c t i o n  of E. F o r  t h e  purposes  of 

t h e  c a l c u l a t i o n ,  assume f ( E )  = 1, 

which w i l l  ove res t ima te  N(E).  

There fo re :  
N(>100) = 8.28 I -700 e = -E/170m 

J 
100 

2 
N(>100) = 756 protons/cm -sec B-65 

With t h e s e  i n t e g r a t e d  f l u x e s  then ,  t h e  number o f  d i sp lacements  i n  
s i l i c o n  due t o  t h e  h igh  energy pro tons  a lone  is: 

6 Nd = 5 x 2 x 10 

Nd = 1.32 X 10 

x 756 
90 s 481 

7 B-06 
Displacements/cc/eec 

The remaining problem i s  t o  determine t h e  amount o f  time t h e  v e h i c l e  

w i l l  be exposed t o  t h e s e  pro ton  f l u x e s  du r ing  t h e  a s c e n t  p a r t  of t h e  

f l i g h t .  An IBM 650 code has been developed which de termines  t h e  r a d i -  

a t i o n  dose l e v e l ,  t o t a l  accumulated dose,  e l a p s e d  t ime and a l t i t u d e  

whi le  t r a v e r s i n g  t h e  Van Al len  B e l t s .  This  code used  t h e  p ro ton  s p e c t r a  

of  Freden and White, t h e  e l e c t r o n  s p e c t r a  of Walt, and an assumed 

v e h i c l e  s k i n  t h i c k n e s s  of 2.0 grams/cm . 
t h i s  code so  t h a t  t h e  t o t a l  e l apsed  t ime could  be a n t i c i p a t e d .  The 

au tho r  p r e f e r s  t o  u s e  t h e  newer s p e c t r a  o f  Naugle and Kniffen.  How- 

e v e r ,  t he  e l apsed  time of the t e s t  case  t r a j e c t o r y  w i l l  be used  t o  
c a l c u l a t e  t h e  t o t a l  number of d i sp lacements /ca  . The t o t a l  t ime f o r  

t r a v e r s a l  o f  t h e  b e l t  according t o  t h e s e  r e s u l t s  i s  1366 seconds (25  

counts/second i s  assumed fo r  t h e  ambient count  l e v e l ) .  

t h e  t o t a l  number of displacements/cm2 produced du r ing  t h e  a s c e n t  por- 

t i o n  of t h e  f l i g h t  f o r  jus t  t h e  Van A l l e n  b e l t  p ro tons+ i s :  

2 One t e s t  case  w a s  r u n  u s i n g  

3 

Therefore ,  

(Nd) = 2.08 x lolo Displacements/cc 
VaP 

B-67 

* This  f i g u r e  appears  t o  be i n  c o n f l i c t  w i th  Denny and Pomeroy ca lcu-  
l a t i o n .  
i n  the  number of displacements .  The f l i g h t  t a k e s  10 seconds which 
g i v e s  r i s e  t o  1O1O displacements  and Denny and Pomeroy i n d i c a t e  a 
s t a y  of a lo' s e c  g i v e s  r ise  t o  1014 d isp lacements .  With t h i s  i n  
mind then ,  t he  c a l c u l a t i o n s  a r e  c e r t a i n l y  compatible .  

However, t h e  t i m e  of s t a y  i n  t he  b e l t  i s  t h s  d e c i d i n g  f a c t o r  

B-19 
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The remaining problem i s  t o  e s t i m a t e  t h e  number of d i sp l acemen t s  p ro -  

duced by a s o l a r  f l a r e .  

s p e c t r a  g iven  by B-54 i s  ve ry  p e s s i m i s t i c  (p robab ly  t h e  w r o s t  p o s s i b l e  

c a s e ) ,  i n  view of t h e  f a c t  t h a t  an i n t e n s e  low energy component w a s  

assumed. However, s i n c e  t h e  r e s u l t s  of t h e  c a l c u l a t i o n s  p r e s e n t e d  i n  

t h i s  r e p o r t  a r e  t o  be  p e s s i m i s t i c  and i n  view of t h e  s c a r c e  l i t e r a t u r e  

on the  s u b j e c t  of  d i sp l acemen t  c a l c u l a t i o n s  f o r  t h e s e  e n e r g i e s ,  t h i s  

s p e c t r a  w i l l  be assumed. According t o  Denny and Pomeroy, t h e  m a j o r i t y  

of t h e  d isp lacements  i n  s o l i d s  occur  due t o  i n c i d e n t  p ro tons  i n  the  

1 t o  20 Mev range ,  and roughly 1 t o  5 t imes  as  many d e f e c t s  ( i n  N a C l  

and K C 1 )  a r e  produced by p ro tons  wi th  e n e r g i e s  above 100 Mev then  i n  

t h e  1 t o  20 Mev range. The assumption which w i l l  be made h e r e  i s  t h e  

f o 1 lowing : 

The 10 May 1959 f l a r e  d i f f e r e n t i a l  p r o t o n  

- (Nd) D100 Mev (5Nd) 1-20 Mev 
N ( >  100) - 

N ( >  1) 
B-68 

This  simply say8 t h a t  f i v e  t imes  the  number of d i sp lacements  pe r  u n i t  

i n t e g r a t e d  f l u x  a t  l o w  energy i s  the  same as t h e  number o f  d i s p l a c e -  

ments p e r  u n i t  i n t e g r a t e d  f l u x  a t  h igh  e n e r g i e s .  This  f a c t  i s  approxi -  

mate ly  t r u e  f o r  NaCl and K C 1 .  Very l eng thy  c a l c u l a t i o n s  a r e  r e q u i r e d  

t o  o b t a i n  t h i s  m u l t i p l i c a t i o n  f a c t o r  f o r  o t h e r  e lements  and w i l l  n o t  

be a t tempted  a t  t h i s  p o i n t .  On t h i s  b a s i s ,  t h e  f o l l o w i n g  c a l c u l a t i o n s  

a r e  made: 

Assuming t h e  s p e c t r a  g iven  by B-54 t h e  t o t a l  number of p ro tons  w i t h  

e n e r g i e s  above 1 Mev i s :  

N(> 1 )  = 1.14 x 10 
A 2 

P 3.166 x l o l o  protons/cm -8ec 
2 

9 1.397 x 1013 protona/cm -hr 

According t o  Robey, t h e  t o t a l  e x t e n t  of t h e  f l a r e  w a s  29.5 hours  and 

the  f l u x  decayed wi th  a r a t e  of e -0*575t. F o l l n o i n g  Robey t h e n ,  t h e  

t o t a l  p ro ton  f l u x  r e c e i v e d  over  t h e  d u r a t i o n  of t h e  f l a r e  i s :  
aD 

N ( >  1) = 1.397 x 1013 e -0*575t d t  + 1.397 x 1013 X 29.5 
0 

2 
N(>  1) = 4.35 x protons/cm 

B-20 
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2 This  f i g u r e  may be compared t o  N 
I n  o t h e r  words,  t he  assumed i n t e n s e  l o w  energy  component magn i f i e s  t h e  

approximate ly  c o r r e c t  N(> 23) by l o 4  f o l d .  

(>  23) = 4.49 x l o l o  protons/cm . 

The number o f  p ro tons  wi th  e n e r g i e s  g r e a t e r  t h a n  100 Mev i s :  

N(>100) I 1.14 x loll 2oo dE 
100 

= 1.397 6.3 
5 2 = 8.80 x 10 

The t o t a l  f l u x  r e c e i v e d  o v e r  t h e  d u r a t i o n  of t h e  f l a r e  i s  then:  

e 

protons/cm -hr 

-0*575tdt + 8.80 x 10 5 x 29.5 N( >loo) 1 8.80 x lo5 r QD - 

5 N(> 100) = 15.30 x l o 5  + 259.6 x 10 
6 2 B-70 N(> 100) = 2.649 x 10 

In view of t h i s  r e s u l t  and i n  view of  t h e  f a c t  t h a t  t h e  e s t i m a t e  g i v e n  

by B-69 could  conce ivab ly  be o f f  by a magnitude 4 i f  t h e  l o w  energy  

component i s  n e g l e c t e d  a l t o g e t h e r ,  i t  may be concluded t h a t ;  

protons/cm 

- 0  U 1-20 
N(> 1) 

B-71 

i n  comparison w i t h  t h e  o r i g i n a l  number of d i sp lacements .  This  s i m p l i -  

f i c a t i o n  l i g h t e n s  t h e  burden o f  c a l c u l a t i o n  cons ide rab ly .  Using t h e  

e q u a t i o n s  f o r  s i l i c o n  which were deve loped  f o r  Van Al l en  B e l t  p r o t o n s .  
- 20 

= 1.81 x 10 
ad E - v = 4 . 4  + Pi InE 

22 h’ = 5.15 x 10 atoms/cc 
0 

11 E-4.6 
@ = 1 . 1 4  x 10 

- t h e r e f o r e :  
Nd = f’Y0 @ n 0 V DddE 

B-72 

o r  Nd = -3.74 x 1017 displacements/cm2-hr. 

The t o t a l  number of d i sp lacements ,  a s  b e f o r e ,  is c a l c u l a t e d  as f o l l o w s :  
-0.575 t 14 N = 3.74 x 10 d t  + 3.71 x 10 x 29.5 

d 
B-73 \I 
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The l a s t  p o i n t  on t h e  curve of Pmax v e r s u s  f l u x  of t h e  L o f e r s k i -  

Rappaport  d a t a  us ing  17.6 Mev p ro tons  i s  approximate ly  3 x 10l1 p ro tons /  

cm2 w i t h  a 60 p e r c e n t  r e d u c t i o n  i n  s o l a r  c e l l  o u t p u t  power. Th i s  

cor responds  t o  : 

= 3 x 10l1 x 5.15 x x 1.80 x lo'*' x (4.4 + % In  17.6) 
Nd 17.6 

3 N = 9.16 x 1013 displacements/cm . 
C B-74 

I 
1 
I 
I 
I' 

I n  view of t h e  number of d i sp l acemen t s  c a l c u l a t e d ,  i t  may be concluded 

t h a t  s i l i c o n  s o l a r  c e l l s  would become i n o p e r a b l e  a f t e r  be ing  i r r a -  

d i a t e d  by t h i s  f l ux .  

I t  i s  i n t e r e s t i n g  a t  t h i s  p o i n t  t o  compare t h r e s h o l d  v a l u e s  of  s i l i c o n  

t r a n s i s t o r s  t o  t h e  p r e v i o u s l y  computed s o l a r  c e l l  damage due t o  t h e  

s o l a r  f l a r e .  I f  i t  i s  assumed t h a t  t h e  meaning o f  t h r e s h o l d  i s  t h a t  

v a l u e  of f l u x  a t  which t h e  d e v i c e  becomes incompa t ib l e  w i t h  e s t a b l i s h e d  

s p e c i f i c a t i o n s ,  t h a t  i s ,  o p e r a t e s  beyond a g i v e n  range  of v a l u e s ,  t h e n  

t h e  f o l l o w i n g  c a l c u l a t i o n  i s  v a l i d .  M i t c h e l l  i n d i c a t e s  a t h r e s h o l d  

v a l u e  o f  t h e  n e x t  s e c t i o n  i t  i s  shown t h a t E = 9 0 0  f o r  f a s t  n e u t r o n s ;  

Nd 1 0 l 2  neutrons/cm2 x 5.15 x atoms/cc x 

2 cm / a t o m  x 900 d /neut rons  

Nd = 5 x 1014 d isp lacements /cc  

I f  t h i s  N i s  o f f  by a c o n s e r v a t i v e  f a c t o r  of 5,  which some i n v e s t i -  

gatorv  c la im,  and the  c a l c u l a t i o n  on s i l i c o n  s o l a r  c e l l s  i s  A f a c t o r  

of 2 c o n s e r v a t i v e  (which i s  c e r t a i n l y  l i k e l y ) ,  t h e  conc lus ion  i s  

reached  t h a t  bo th  t h r e s h o l d s  a r e  about  t h e  same, and b o t h  types  of  

u n i t s  w i l l  become inope rab le  when s u b j e c t e d  t o  t h e s e  f l u x e s .  

d 

B . 3 . 2 . 2  Carbon - Sample C a l c u l a t i o n .  Most of  t h e  e x i s t i n g  d a t a  on 

carbon h a s  been i n  terms of damage due t o  n e u t r o n  f l u x e s .  F o r  t h e  

p r e s e n t  e f f o r t ,  f a s t  n e u t r o n  damage d a t a  w i l l  be used.  

which i s  p e s s i m i s t i c a l l y  1 5 u 10 b a r n s  

f o r  f i s s i o n  ene rg ie s  i n s t e a d  o f  2 s  u i 4 barns  as p o i n t e d  o u t  
Ud 2 ug S 

s 

* That  i s  n e u t r o n s  i n  the  Mev range. 
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p r e v i o u s l y .  The energy  averaged mean number of d i s p l a c e d  a t o m s  pe r  

pr imary knock-on ( E )  f o r  neu t rons  i s :  

E( E) 
2Ea 

3 (E) = B-75 

8 ( E )  f o r  carbon i s ,  accord ing  t o  Dienes and Vineyard 

a ( E )  = 45,000 e v  hence 

7 (E) 5 900. 

The a t o m  d e n s i t y  f o r  carbon ( c r y s t a l s )  is: 

N = 1.76 x atoms/cc 

M i t c h e l l  i n d i c a t e s  t h a t  t he  n u c l e a r  r a d i a t i o n  damage t h r e s h o l d  f o r  

carbon r e s i s t o r s  i s  of  t h e  o r d e r  of 1015 f a s t  neutrons/cm . 
Therefore :  

0 

2 

900 1.76 Nd 

Nd = 1.6 x 1017 d isp lacements /cc  produced by f i s s i o n  neutrons.  

F u r t h e r  s u b s t a n t i a t i o n  of  t h i s  r e s u l t  can  be o b t a i n e d  from Chapin ' s  

work as fo l lows :  

Chapin,  based on Admira l ' s  r e s u l t s ,  i n d i c a t e s  t h a t  peak change i n  r e -  

s i s t a n c e  of -7 p e r c e n t  f o r  a 1 megohm, non-energized carbon r e s i s t o r ,  

occu r s  a t  an i r r a d i a t i o n  time of 40 x 10  seconds.  The f l u x  i n  t h e  

r e a c t o r  was 2.3 x l o 9  f a s t  neutrons/crn2-seo and 3.9 x 10 

Assuming the  gamma f l u x  n e g l i g i b l e ,  

= 1.5 x 1017 d isp lacements /cc .  *d 

Lower v a l u e  r e s i s t o r s  i n  s imi la r  t e s t s  i n d i c a t e  even l e s s  damage, t h a t  

i s  t h e  o t h e r  extreme was an 100 ohm r e s i s t o r  which peaked o u t  a t  -2 

p e r c e n t .  P r o  longed i r r a d i a t i o n  tended  t o  p a r t i a l l y  annea l  i n c u r r e d  

damage: F o r  example, t h e  one megohm r e s i s t o r  t a i l e d  o f f  t o  -5 p e r c e n t  

a f t e r  180 x l o4  seconds with a g e n t l e  s l o p e  from t h e  peak. 

Chapin does n o t  s a y ,  t h e  r e s i s t o r s  a r e  probably  + - 5 p e r c e n t  r e s i s t o r s  

(carbon-epoxy t y p e )  

4 

4 ergs/g-sed. 

Although 

The number of d i sp lacements  which w i l l  occur  d u r i n g  t h e  s o l a r  f l a r e  

can  b e  computed as fo l lows :  

Nd 
. 7 . 8 ~ 1 0 ~ ~  (4 .322 + % 1nE) dE 11 23 loo, . 14x10 f E 

= 1.766 x 10 

1 

= 6.058 x 1017 d/cc/hr. 
*d 
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a 
Preceeding  as be fo re  then :  
( N d )  t o t a l  30 6.05 x 10 17 

( N d )  t o t a l  = 1.392 x 1013 d/cc. 

,/ -0.FjJ5t 
o e  + 6 . 0 5 8  x lo1' x 29.5 

On t h e  b a s i s  of  the  p rev ious  c a l c u l a t i o n  r e g a r d i n g  t h r e s h o l d  damage, 

i t  may be concluded t h a t  (assuming pure carbon)  carbon r e s i s t o r s  w i l l  

be damaged a f t e r  being s u b j e c t e d  t o  t h e s e  f l u x e s .  

The r e s u l t s  o f  t he  remainder  of the  c a l c u l a t i o n s  on elements  a r e  

summarized i n  Table B-1. 
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B.4 D I S C U S S I O N  AND CONCLUSIONS.  One p o i n t  which h a s  been i n t e n t i o n a l l y  

overlooked i n  t h i s  e f f o r t  i s  t h e  atomic d i sp lacemen t s  i n  m a t e r i a l s  

which a r e  con ta ined  i n  sh i e lded  v e h i c l e s .  The v e h i c l e  s k i n  w i l l  pro- 

v i d e  a c e r t a i n  amount of s h i e l d i n g  and o t h e r  s p e c i f i c a t i o n s  may r e -  

q u i r e  even more. Moderate s h i e l d i n g  w i l l  s c r e e n  o u t  t h e  low energy 

p ro tons  which a r e  e f f e c t i v e  i n  producing d isp lacements .  However, t h e r e  

i s  a d i s t i n c t  p o s s i b i l i t y  t h a t  secondary neu t ron  g e n e r a t i o n  by t h e  r e -  

maining p ro tons  w i l l  c o n s t i t u t e  a r a d i a t i o n  damage hazard  equal  t o  t h e  

o r i g i n a l  unsh ie lded  p ro ton  f lux .  P r e l i m i n a r y  e s t i m a t e s  on b i o l o g i c a l  

doses  d e l i v e r e d  by t h e  10 May 1959 f l a r e  i n d i c a t e d  seve re  problems 

r e g a r d i n g  secondary  neu t ron  f l u x .  The secondary  neut rons  could p o s s i b l y  

magnify t h e  r a d i a t i o n  damage problem s i n c e  neu t rons  a r e  more e f f e c t i v e  

i n  producing d i sp lacemen t s  than p ro tons  by as much as a f a c t o r  of 100 

o r  more. 

I n  a d d i t i o n  t o  t h e  l o w  energy component, t h e  r e a d e r  w i l l  r e c a l l  t h a t  

t h e  h igh  energy p a r t i c l e s  were neg lec t ed  i n  t h i s  r e p o r t  s i n c e  the  f l u x  

was o r d e r s  of magnitude lower than  t h e  impor t an t  l o w  energy  f l u x .  I t  
i s  conce ivable  t h a t  w i th  s h i e l d i n g ,  t h e  h igh  energy  p a r t i e l e s  could  

produce s e c o n d a r i e s  which would s i g n i f i c a n t l y  e f f e c t  r a d i a t i o n  damage 

c a l c u l a t i o n s .  

With r e f e r e n c e  t o  t h e  Van Al len  B e l t ,  a t r a j e c t o r y  was chosen s o  t h a t  

t h e  v e h i c l e  would t r a v e l  d i r e c t l y  through t h e  h e a r t  of t h e  i n n e r  Van 

A l l e n  B e l t ;  however, t he  s tay- t ime was l o w  (1 ,366 seconds t o t a l ) .  I n  
7 t h e  e v e n t  t h a t  a v e h i c l e  i s  t o  s t a y  longer  t h a n  lo6  t o  10 seconds,  

new r a d i a t i o n  damage c a l c u l a t i o n s  w i l l  have t o  be made t o  i n s u r e  r e -  

1 i ab 1 e compo ne n t f unc t i o n i  ng . 
The l a s t  i t em t o  be d i scussed  be fo re  p r e s e n t i n g  t h e  conc lus ions  i s  t h e  

problem of r a d i a t i o n  damage i n  compounds. Due t o  t ime l i m i t a t i o n s ,  no 

c o n s i d e r a t i o n  was g iven  t o  r a d i a t i o n  damage i n  compounds. I n  t h e  p re -  

l i m i n a r y  l i t e r a t u r e  s e a r c h  on t h i s  e f f o r t ,  ample evidenc'e w a s  found 

which i n d i c a t e d  t h e  mechanism o f  r a d i a t i o n  damage i n  compounds i s  w e l l  

documented. Two s e p a r a t e  a reas  a r e  env i s ioned  a t  t h i s  t ime and t h e y  

a r e  d i a tomic  s o l i d s  and organic  m a t e r i a l s  (due t o  the  d i f f e r e n c e  i n  

bonding mechanisms) 
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B.4.1 R a d i a t i o n  Damage. The fo l lowing  conc lus ions  have been r eached  

as a r e s u l t  of the study". 

a. S i l i c o n  devices  such as s o l a r  c e l l s  and t r a n s i s t o r s  may become i n -  

ope rab le  during and a f t e r  t he  f l a r e .  

b. Germanium t r a n s i s t o r s  may become i n o p e r a b l e  d u r i n g  and a f t e r  t h e  

f l a r e .  

C.  Tantalum c a p a c i t o r s  may become i n o p e r a b l e  d u r i n g  and a f t e r  t h e  

f l a r e .  

d .  Carbon r e s i s t o r s  may become i n o p e r a b l e  d u r i n g  and a f t e r  t h e  f l a r e .  

e .  M a t e r i a l s  of n i c k e l  w i l l  n o t  be s i g n i f i c a n t l y  a f f e c t e d  d u r i n g  o r  

a f t e r  t h e  f l a r e .  

Any a t t e m p t  a t  s h i e l d i n g  (wi th  t h e  e x c e p t i o n  of l i q u i d  hydrogen) ,  

w i l l  g ive  r i s e  t o  s e c o n d a r i e s  which a re  p o t e n t i a l l y  more l e t h a l  

than t h e  o r i g i n a l  pro tons .  

f .  

g. High energy r e a c t i o n s  may p l a y  an impor t an t  p a r t  i n  t o t a l  r a d i a -  

t i o n  damage when s h i e l d i n g  i s  provided.  

h.  The t o t a l  r a d i a t i o n  damage i s  v e r y  s e n s i t i v e  t o  t ime o f  exposure 

and t h e r e f o r e  t o  t r a j e c t o r y .  

i .  Crude e s t i m a t e s  i n d i c a t e  a r a d i a t i o n  damage t o  t h e  d i a tomic  s o l i d s  

and c e r t a i n  hydrocarbons.  The e s t i m a t e s  a r e  c l o s e  enough t o  t h e  

damage th re sho ld  t o  war ran t  f u r t h e r  s tudy ,  

j .  The t r a n s i e n t  behavior  of some m a t e r i a l s  i s  p r e s e n t l y  be ing  g i v e n  

c o n s i d e r a b l e  a t t e n t i o n  i n  t h e  l i t e r a t u r e  and w i l l  c e r t a i n l y  w a r r a n t  

c o n s i d e r a t i o n .  

k. Throughout t he  r e p o r t  homogeneous p roduc t ion  of d i sp l acemen t s  w a s  

assumed w i t h  no annea l ing .  Refinements  such  as d i sp lacemen t  s p i k e s  

and annea l ing  should  be t a k e n  i n t o  c o n s i d e r a t i o n  i n  t h e  f i n a l  

a n a l y s i s .  

* The r a d i a t i o n  damage l i s t e d  h e r e  i s  based on t h e  f l a r e  of 10 May 1959 
wi th  t h e  assumption of no s h i e l d i n g  o n  i r r a d i a t e d  m a t e r i a l s .  
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APPENDIX C 

TRANSYURTATION ROUTE SURVEY 

C . 1  SUMMARY. I t  w a s  determined,  from t h e  l i m i t i n g  f a c t o r s  and 

e x i s t i n g  cond i t ione  of the r o u t e  surveyed,  t h a t  a combination t r a n s -  

p o r t e r  and load ,  36 f e e t  in diameter  and 120 f e e t  i n  l e n g t h ,  can 

t r a v e l  from San Diego, C a l i f o r n i a  t o  Mercury, Nevada. A t r a i l e r  

t r a n s p o r t e r  wi th  a maximum wheel base l e n g t h  of 80 f e e t  and s t e e r -  

a b l e  r e a r  wheels can n e g o t i a t e  t h e  curves  and i n t e r s e c t i o n s  en- 

countered.  

I t  i e  economical and p h y s i c a l l y  f e a s i b l e  t o  use  t h e  r o u t e  surveyed 

s i n c e  t h e  r o u t e  w i l l  n o t  r e q u i r e  e x t e n s i v e  and c o s t l y  m o d i f i c a t i o n  

such as complete r e b u i l d i n g  of roads ,  b r i d g e s ,  e t c .  However, t h e  

r o u t e  w i l l  r e q u i r e  adequate m o d i f i c a t i o n  needed € o r  a t r a n s p o r t e r  

and load  of t h e  s i z e  i n d i c a t e d  above. This  m o d i f i c a t i o n  w i l l  

i nvo lve  removal of o b s t r u c t i o n s  such as v a r i o u s  road  s i g n s ,  s i g n a l  

l i g h t s ,  r a i l r o a d  c ross ing  s i g n a l s ,  s t r e e t  l i g h t r ,  t e lephone  p o l e s ,  

etc.  Numerous t r e e s  w i l l  have t o  be trimmed. Wires of a l l  t y p e s  

( t e l ephone  c a b l e s ,  h igh  t e n s i o n  power l i n e r ,  e t c . )  w i l l  have t o  be 

r a i s e d  o r  removed t o  permit  passage. Arrangement6 f o r  removal of 

t h e  o b e t r u c t i o n s ,  wirer,  e t c .  w i l l  be made wi th  t h e  c i t i e s ,  t o r n -  

r h i p s  and personnel  involved w e l l  i n  advance of t h e  a c t u a l  t r i p .  

A mockup o f  t h e  o b j e c t  t o  be t r a n s p o r t e d  (on t h e  c a r r i e r  des igned  

f o r  t r a n s p o r t )  w i l l  t r a v e l  t h e  r o u t e  p r i o r  t o  t h e  a c t u a l  t r a n s p o r t  

o f  t h e  o b j e c t .  This  mockup w i l l  be de r igned  and u red  f o r  t h e  

advance t r i p  t o  determine and d e t a i l  t h e  o b r t r u c t i o n r ,  w i r e r ,  e t c .  

t o  be removed. The mockup can be made of plywood (hinged a t  c r i t -  

i c a l  p o i n t s )  and cons t ruc t ed  i n  such a way t h a t  a l l  c r i t i c a l  p o i n t s  

of c l e a r a n c e  can be checked. A road  c o n s t r u c t i o n  crew rhould  

precede  t h e  a c t u a l  t r a n s p o r t a t i o n  of t h e  o b j e c t  t o  p repa re  t h e  r o u t e  

( f i l l  f o r  d ip8  o r  humps, g rad ing ,  p lanking  b r i d g e s  i f  necessa ry ,  

e t c . )  

The t ime r e q u i r e d  t o  t r a n s p o r t  t h e  o b j e c t  from San Diego, C a l i f o r n i a  

c- 1 
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t o  Mercury, Nevada (a d i s t a n c e  of  400 m i l e s )  w i l l  be approximately 

f i v e  t o  t e n  days.  Trip- t ime w i l l  be governed by weather c o n d i t i o n s ,  

speed a t  which the  road  crew can p repa re  t h e  r o u t e ,  and t h e  speed 

of t h e  t r a c t o r / t r a i l e r  t r a n s p o r t .  

A map of t h e  r o u t e  from San Diego, C a l i f o r n i a  t o  Mercury-, Nevada 

and a more d e t a i l e d  map of t h e  r o u t e  through B i v e r s i d e ,  C a l i f o r n i a  

and San Bernardino,  C a l i f o r n i a  i s  p r e s e n t e d  i n  F igu rea  C - 1  and C-2. 

A d e s c r i p t i o n  of the r o u t e  i s  p resen ted  i n  S e c t i o n  C-1.5. 

C . 1 . 1  Assumptions. The survey was made on t h e  assumption t h a t  t h e  

t r a i l e r  used f o r  t r a n s p o r t  would be des igned  w i t h  s t e e r a b l e  r e a r  

wheels t o  n e g o t i a t e  i n t e r s e c t i o n s  and curves.  F u r t h e r ,  t h e  survey  

was made assuming t r a v e l  would be accomplished wi th  e x i s t i n g  con- 

d i t i o n s  of t h e  rou te  and t h e r e f o r e ,  no a t t empt  w a s  made t o  f o r e s e e  

f u t u r e  c o n d i t i o n s  of t h e  route .  

C.1.2 General .  The survey was performed t o  l o c a t e  t h e  l i m i t i n g  

f a c t o r s  t h a t  a f f e c t  t r a n s p o r t  of t h e  l a r g e s t  p o s s i b l e  o b j e c t  (wid th  

and l e n g t h )  from San Diego, C a l i f o r n i a  t o  Mercury, Nevada. These 

l i m i t i n g  f a c t o r s  could be t h e  minimum width  o f  a through-cut ,  t h e  

minimum t u r n - a r e a  of an i n t e r s e c t i o n ,  t h e  s h a r p e s t  curve t h a t  would 

be n e g o t i a t e d ,  e t c .  The l i m i t i n g  f a c t o r s  were l o c a t e d  by a p r o c e s s  

o f  e l i m i n a t i o n  of t h e  p o i n t s  o f  i n t e r e s t  i n v e s t i g a t e d ,  and t h e n  

were analyzed.  The l i m i t i n g  f a c t o r  which determined t h e  maximum 

width was a through-cut  30.9 m i l e s  from San Diego, C a l i f o r n i a .  The 

l i m i t i n g  f a c t o r  which determined t h e  maximum l e n g t h  was t h e  i n t e r -  

s e c t i o n  o f  Etiwanda Avenue and Highland Avenue (San Bernard ino ,  

C a l i f o r n i a )  103.2 mi l e s  from San Diego, C a l i f o r n i a .  Other  problem 

area8 were noted  and a r e  p re sen ted  i n  l a t e r  t ex t .  A t a b l e  of t h e  

points of i n t e r e s t  i n v e s t i g a t e d  i s  p r e s e n t e d  in S e c t i o n  C.1.5. 

C . 1 . 3  L imi t ing  Fac to r s  

C .1 .3 .1  Through-Cut. The maximum width t h a t  can be t r a n s p o r t e d  

w a s  l i m i t e d  by a through-cut 30.9 m i l e s  from San Diego, C a l i f o r n i a ,  

j u s t  n o r t h  of Escondido. This  c u t ,  F i g u r e  C-3 ,  h a s  h igh  a l m o s t -  

v e r t i c a l  w a l l s  o f  s o l i d  rock  which measured 38 f e e t  a t  t h e  m o s t  

I 
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SAN BERNARDINO 

Figure C-1 .  Route from San Diego, California t o  Mercury, Nevada. 
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0 U. S. HIGHWAY 

OSTATE HIGHWAI 

Figure C-2 .  Route through Riverside,  Cal i fornia  
and San Bernardino, Cal i fornia  
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l i m i t i n g  p o i n t .  T h i s  c u t  is only 0.2 m i l e  i n  l e n g t h  and a width of 

36 f e e t  could  be t r a n s p o r t e d  through t h i s  c u t  wi th  l i t t l e  d i f f i c u l t y .  

I t  would be p o s s i b l e  to widen t h i s  c u t ,  however, c o n s i d e r a b l e  expense 

would be involved.  

One o t h e r  through-cut  which would p r e s e n t  a problem is on Highway 

127,  325.3 m i l e s  from San Diego, C a l i f o r n i a .  T h i s  c u t ,  F igu re  C-4, 

h a s  a roadbed width  of 28 f e e t  and a width  of 32 f e e t  from w a l l  t o  

w a l l  ( s i x  f e e t  above t h e  road l e v e l ) .  The w a l l s  of t h e  c u t  widen a t  

t h e  t o p  t o  approximate ly  50 f e e t .  The w e s t  w a l l  of t h e  c u t  is 25 

f e e t  h igh  and t h e  e a s t  wal l  i s  15 f e e t  high.  The east w a l l  c o n s i s t s  

of c rached  o r  f r a c t u r e d  malapi rock  and c l a y  and can  be b l aded  down 

wi th  l i t t l e  d i f f i c u l t y  a t  r e l a t i v e l y  low c o s t .  

C.1.3.2 I n t e r s e c t i o n .  The i n t e r s e c t i o n  of Etiwanda and Highland 

Avenues, n o r t h  of Mira Lorna i n  San Bernard ino ,  C a l i f o r n i a  and 103.2 

m i l e s  from San Diego, would l i m i t  t h e  l e n g t h  of t h e  o b j e c t  t h a t  

would t r a v e l  t h i s  r o u t e .  A diagram of t h e  i n t e r s e c t i o n  is  shown in 
Figure  C-5. Photographs of t h e  i n t e r s e c t i o n  a r e  p r e s e n t e d  i n  

F i g u r e s  C-6 and C-7. On t h e  s o u t h e a s t  c o r n e r  of t h e  i n t e r s e c t i o n ,  

palm t rees  (shown i n  F igure  C-6) w i l l  have t o  be removed i n  o r d e r  

t o  n e g o t i a t e  t h e  tu rn .  With t h e s e  t r e e s  removed, a much l a r g e r  

t u r n - a r e a  is  ob ta ined  and t h e  t r a n s p o r t i n g  v e h i c l e  can  t r a v e l  a c r o s s  

t h e  inne r -co rne r  which has a good gravel / rock/sand base.  

c o r n e r  would need rock  and/or g r a v e l  f i l l  t o  modify it f o r  t r a v e l .  

Also,  f i l l  could  be used t o  modify t h e  c u r b  on t h e  e a s t  s i d e  of 

Etiwanda Avenue t o  avo id  jumping t h e  curb.  

Th i s  

T r e e s  l i n i n g  bo th  s i d e s  of Highland Avenue w i l l  have t o  be trimmed. 

These t r e e s  a r e  on ly  for ty-one  f e e t  a p a r t  (measuring a c r o s s  t h e  

road  from t r e e  t r u n k  t o  t r e e  t r u n k )  a t  t h e i r  n e a r e s t  p o i n t .  

Other  i n t e r s e c t i o n s  i n v e s t i g a t e d  were no t  as l i m i t i n g  as t h e  i n t e r -  

s e c t i o n  mentioned above. These i n t e r s e c t i o n s ,  however, would need 

t o  be modif ied s l i g h t l y  by grad ing ,  removal of road  s i g n s ,  e t c .  

c-5 
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C.1 .4  Problem Areas 

C.1.4.1 Overpasses.  Due t o  t h e  h e i g h t  of t h e  o b j e c t  be ing  t r a n s -  

p o r t e d ,  overpassea a r e  avoided by r e r o u t i n g  when p o s s i b l e .  However, 

on t h e  r o u t e  surveyed, two ove rpasses  were encountered which could 

n o t  be avoided nor could t h e  r o u t e  be r e v i s e d .  The overpass  i t s e l f  

p r e s e n t e d  t h e  s o l u t i o n .  These two overpasses  a r e  now under con- 

s t r u c t i o n ;  one on U.S. Highway 395 a t  P e r r i s ,  C a l i f o r n i a  and t h e  

o t h e r  on U.S. Highway 91/466, seven  m i l e s  e a s t  o f  Barstow, C a l i f o r n i a .  

I t  w i l l  be p o s s i b l e  t o  bypass each overpass  by u s i n g  t h e  up- and 

down-ramps on t h e  overpaas. In each case ,  t h e  bypass can be e f f e c t e d  

by e n t e r i n g  t h e  up-ramp on t h e  r i g h t  of t h e  highway, c r o s s i n g  t h e  

overhead road  o n  t h e  overpass  and proceeding on t h e  down-ramp t o  t h e  

highway. These up- and down-ramps a r e  24 f e e t  i n  width from cu rb  t o  

curb  and have s i x - f o o t  shoulders .  F i g u r e s  C - 8  and C-9 i l l u s t r a t e  

t h e  up- and down-ramps of t h e  ove rpass  on U.S. Highway 395. The 

two ove rpasses  are s i m i l a r  i n  c o n s t r u c t i o n  and w i l l  p rovide  t h e  

same type  of bypass. 

C.1.4.2 Bridges.  Two b r idges ,  of t h e  many encountered,  were s t u d i e d  

f o r  p o s s i b l e  bypass due t o  poor c o n s t r u c t i o n .  The b r i d g e s ,  F i g u r e  

C-10, l o c a t e d  111.6 milea from San Diego on Devore Eload in San 

Bernardino,  C a l i f o r n i a ,  a r e  of wooden c o n s t r u c t i o n  (2- inch by 12- 

i n c h  wood members 20 f e e t  i n  l e n g t h ,  suppor ted  on t h e  2-inch s i d e ,  

running  length-wise wi th  t h e  road) .  The width of t h e  b r idge  i s  24 

f e e t  (guard  r a i l  t o  guard r a i l ) .  A bypass of t h e s e  two b r i d g e s  can 

be accomplished by means of a shoe - f ly  on t h e  s o u t h e a s t  s i d e  of t h e  

road.  The shoe- f ly  is  a p a r t i a l l y  paved road  and can be used 

d u r i n g  d ry  weather i f  s u f f i c i e n t  f i l l  i s  brought  i n  t o  shape-up 

t h e  road.  Three te lephone p o l e s  t o  t h e  r i g h t  of t h e  shoe - f ly  

would have t o  be s e t  back i f  t h i s  shoe - f ly  i s  used. Photographs 

of t h i s  shoe - f ly  a r e  p re sen ted  i n  F i g u r e s  C - 1 1  and C-12. 

Between B a r s t o w ,  C a l i f o r n i a  and Baker,  C a l i f o r n i a  t h e r e  a r e  some 

46 b r idges  of  wooden c o n s t r u c t i o n  (6- inch by 15-inch wood members, 

s u p p o r t i n g  t h e  br idge  on t h e  6-inch s i d e ,  epaced 2 f e e t  a p a r t ,  run 
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l eng thwise  wi th  t h e  r o a d ,  and a r e  'LO f e e t  i n  l e n g t h ,  s ee  F i g u r e  

C-13. Fo r ty - th ree  of these  b r idges  have a span  of 20 f e e t ;  two 

b r i d g e s  have a span o f  ti0 f e e t  ( s e e  F igu re  C - 1 4 ) ;  and one has  a 

span o f  approximately 200 f e e t .  The b r i d g e s  a r e  a l l  wide enough, 

26 f e e t  from guard r a i l  t o  guard r a i l  (no c u r b ) ,  f o r  a l a r g e  s i z e  

t r a n s p o r t  t r a i  1 e r  . 
The a l lowable  a x l e  loading p e r m i t t e d  on br idges  from San Diego, 

C a l i f o r n i a  t o  R i v e r s i d e ,  C a l i f o r n i a  i s  p resen ted  in Table C-1. 

Table C - 1  Bridge Loading, San Diego t o  R i v e r s i d e  

NUMBER OF U L E S  ALLOWABLli U L E  LOADING 
PUUdITTJiD ON BRIDGE 

1 Axle 27,000 l b  

2 Axles 46,200 l b  

2 Axles wi th  16 t i r e s  53,100 l b  

2 Axles on over  width u n i t  
( e x t r a  t i r e s )  57,300 l b  

3 Axles 49,400 l b  

G r o s s  loading  permi t ted  152,000 l b  ( i n c l u d e s  t r a c t o r ,  
t r a i l e r  and load )  

NOTE: Values quoted by C a l i f o r n i a  S t a t e  Highway Department. 

The a l lowable  a x l e  loading pe rmi t t ed  on b r idges  from Bars ton ,  C a l i f -  

o r n i a  t o  Cal i forn ia lNevada  S t a t e  l i n e  i s  p resen ted  i n  Table C-2. 
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Table  C-2 Br idge  Loading, Barstow t o  S t a t e  Line 

NUMBliR UF k L & S  ON TltAILlSR ALLUWABLE U L J i  LUADING 
P W I T T D  UN BHIDGE 

1 Axle 23,400 l b  

2 Axles 40,000 l b  

2 Axles (16 t i r e s )  46,100 1 b  

2 Axles  on over w id th  u n i t  
( e x t r a  t i r e s )  SU,lOO l b  

3 Axles  4 3 , U O O  l b  

G r o s s  l o a d i n g  pe rmi t t ed  130,OOU l b  ( i n c l u d e s  t r a c t o r ,  
t r a i l e r  and l o a d )  

NOTE: Values  quoted by C a l i f o r n i a  S t a t e  Highway Department.  

These b r i d g e  load ings  a r e  c o n s e r v a t i v e  and are n o t  cons ide red  maxi- 

mum l o a d i n g s .  A means of i n c r e a s i n g  t h e  l o a d i n g  of  a b r i d g e ,  i f  

n e c e s s a r y ,  can be accomplished by p l ank ing  t o  d i s t r i b u t e  t h e  l o a d  

ove r  a wider  a r e a  of t h e  b r idge .  

(3.1.4.3 D i p s  and Humps. There a re  numerous d i p s  and humps encoun- 

t e r e d  a long  t h e  r o u t e  from Etiwanda Avenue (San Bernard ino ,  Ca l i f -  

o r n i a )  t o  La throp  Wells ,  Nevada. F i l l  can  be moved i n t o  d i p s  and 

be used  t o  shape-up humps which p r e s e n t  any problem. F i g u r e  C - 1 5  

shows t y p i c a l  d i p s  encountered.  The d i p s  shown h e r e  measure 250 

f e e t  from c r e s t  t o  c r e s t .  

C . 1 . 4 . 4  R a i l r o a d  Crossing;s. One r a i l r o a d  c r o s s i n g ,  75.6 m i l e s  

from San Diego, C a l i f o r n i a ,  on Van Buren Boulevard,  i n  R i v e r s i d e ,  

C a l i f o r n i a ,  a t  t h e  i n t e r s e c t i o n  wi th  U.S.  Highway 395, may p r e s e n t  

a problem t o  t r a i l e r  road  c l e a r a n c e  ( s e e  F i g u r e  C-16). The c r o s s i n g  

i s  f o r t y - e i g h t  f e e t  from t h e  w e s t  s i d e  of U.S. Highway 395 on Van 
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Buren Boulevard and r i s e s  f d u r  f e e t  t o  t h e  c r e s t  i n  t h i s  d i s t a n c e .  

The road  l e v e l s  off  a t  t h e  h e i g h t  of t h e  c r e s t .  F i l l  can be used  

t o  dec rease  t h e  elope a t  t h i s  c ros s ing .  

C.1.4.5 Curves. Curves on t h e  r o u t e  surveyed a r e  n o t  s h a r p  enough 

t o  p r e s e n t  any problem wi th  t h e  l e n g t h  of t r a i l e r  suggested.  A 
t y p i c a l  curve ,  encountered n o r t h  of Escondido on U.S. Highway 395, 

34.4 m i l e s  from San Diego, C a l i f o r n i a ,  i s  shown in F i g u r e  C-17. 

C.1.4.6 Agains t  T r a f f i c  Trave l .  A t  one p o i n t  i n  t h e  r o u t e ,  t r a v e l  

must be made a g a i n s t  t r a f f i c .  A t  a d i s t a n c e  of 115.2 m i l e s  from 

San Diego, C a l i f o r n i a  on Devore Road, a l e f t  t u r n  ( n o r t h )  i s  made 

onto Cajon Boulevard (San Bernardino,  C a l i f o r n i a )  which i s  o l d  

U.S. Highway 66 ( s e e  F igu re  C - 1 8 ) .  T rave l ing  sou th  on U . S .  Highway 

395, Cajon Boulevard i s  an e x i t  o f f  U.S. Highway 395 and i n t e r s e c t s  

w i th  Devore Road. To proceed no r th  and avoid  an overpass  on U.S. 
Highway 395, t r a v e l  must be made on Cajon Boulevard a g a i n s t  t r a f f i c  

u n t i l  r each ing  U.S. Highway 395. Southbound t r a f f i c  on U.S. Highway 

395 must be stopped u n t i l  a c r o s s i n g  can be made t o  t h e  e a s t  s i d e  

of t h e  highway. 

C.1.4.7 Turn, 360 Degrees. A& t h e  i n t e r s e c t i o n  of S t a t e  Highway 

2/138 and Phelan  Boad 39 m i l e s  no r th  of San Bernard ino ,  C a l i f o r n i a ,  

a 360 degree t u r n  must be made i n  o rde r  t o  e n t e r  Phe lan  Road. 

This  t u r n  can be accomplished e a s i l y  s i n c e  t h e r e  i s  a l a r g e  f l a t  

a r e a  on t h e  nor th  west  s i d e  of S t a t e  Highway 2/138 a t  t h e  i n t e r -  

s e c t i o n .  The turn-area  c o n s i s t s  of a h a r d  rock/gravel /aand base  

and grading  would p r e s e n t  no d i f f i c u l t y .  
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C . 1 . 5  ROUTE 

The 

a. 

b. 

C .  

d. 

e. 

f .  

g *  

h. 

i. 

j .  

k. 

r o u t e  surveyed is d e s c r i b e d  as fo l lows :  

Leave Gate 1, Genera l  Dynamics/Astronaut ics  and proceed  n o r t h  on 

U. S. Highway 395. 

T r a v e l  n o r t h  on U. S. Highway 395, 68 m i l e s ,  t o  San J a c i n t o  S t r ee t  

a t  P e r r i s ,  C a l i f o r n i a .  

Route through P e r r i s ,  C a l i f o r n i a ,  t o  a v o i d  ove rpass :  Turn l e f t  o f f  

U. S. Highway 395 o n t o  San  J a c i n t o  S t r e e t .  Turn r i g h t  o f f  San 

J a c i n t o  on to  P e r r i s  Blvd. Turn l e f t  o f f  P e r r i s  Boulevard on to  

Nuevo Road. ( A l l  i n t e r s e c t i o n s  can  be  n e g o t i a t e d  e a s i l y ) .  Turn 

r i g h t  o f f  Nuevo Road o n t o  U. S. Highway 395. 

T r a v e l  n o r t h  6.1 milee from Nuevo Road on U.S. Highway 395 and 

t u r n  l e f t  (west)  on to  Van Buren Boulevard i n  San Bernard ino ,  

C a l i f o r n i a .  

Cont inue  on Van Buren Boulevard through March A i r  Force  Base and 

through Ar l ing ton ,  C a l i f o r n i a ,  t o  Mira Lorna, C a l i f o r n i a .  Make a 

r i g h t  t u r n  ( n o r t h )  o n t o  Etiwanda Avenue a t  Mira Loma, C a l i f o r n i a .  

Proceed  n o r t h  on Etiwanda t o  Highland Avenue i n  San Berna rd ino ,  

C a l i f o r n i a .  Turn r i g h t  ( e a s t )  o n t o  Highland Avenue. 

T r a v e l  east  on Highland Avenue t o  S i e r r a  Avenue (dan  Berna rd ino ,  

C a l i f o r n i a ) .  Turn l e f t  ( n o r t h )  on to  Aierra Avenue. 

T r a v e l  n o r t h  on S i e r r a  Avenue t o  Devore Road (San Bernard ino ,  

C a l i f o r n i a ) .  Turn r i g h t  ( n o r t h e a s t )  o n t o  Devore Hoad. 

Proceed n o r t h e a s t  on Devore Road t o  Cajon  Boulevard (San Bernard ino  

C a l i f o r n i a ) .  Turn l e f t  ( n o r t h )  on to  Cajon  Boulevard going  a g a i n s t  

t r a f f i c  u n t i l  r e a c h i n g  U.  S. Highway 395. Turn l e f t  ( n o r t h )  o n t o  

Highway 395. 

T r a v e l  n o r t h  on U. S. Highway 395 t o  S t a t e  Highway 2/138 (28  m i l e s  

n o r t h  of San Berna rd ino ) .  Turn l e f t  (no r thwes t )  o n t o  S t a t e  

Highway 2/138. 

Proceed northwest  on S t a t e  Highway 2/138 t o  P h e l a n  Road (Phe lan ,  

C a l i f o r n i a ) .  A 360 degree  t u r n  must be made h e r e  t o  e n t e r  P h e l a n  

Hoad which runs  east .  

I 
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Cont inue  east  on Phelan Road t o  j u n c t i o n  w i t h  U .  S .  Highway 91/395 

( n o r t h  of San Bernard ino) .  Turn l e f t  ( n o r t h )  on to  U. S. Highway 

395. U. S. Highway 91  c o n t i n u e s  n o r t h e a s t .  

Proceed  n o r t h  on U. S .  Highway 393 t o  K r a m e r ,  C a l i f o r n i a .  Turn 

r i g h t  ( e a s t )  o n t o  U. S .  Highway 466. 

T r a v e l  e a s t  on U. 8. Highway 466 t o  Barstow, C a l i f o r n i a ;  'here 

U.  S. Highway 466 and U. S .  Highway 91 j u n c t i o n .  Cont inue  on U. S. 
466/91 t o  B a k e r ,  C a l i f o r n i a .  

466/91 o n t o  C a l i f o r n i a  Highway 127. 

Cont inue  n o r t h  on S t a t e  Highway 127 t o  Cal i forn ia /Nevada  s t a t e  

l i n e  where S t a t e  Highway 127 becomes Nevada S t a t e  Highway 29. 

Proceed  n o r t h  on S ta te  Highway 29 t o  La th roy  Wells. Turn r i g h t  

( e a s t )  o n t o  U. S. Highway 95. 

T r a v e l  east on U. S. Highway 95, 23.5 m i l e s  t o  i n t e r s e c t i o n  of 

r o a d  l e a d i n g  t o  t e s t  s i t e .  Turn l e f t  o f f  U .  S. Highway 95 o n t o  

t e s t  s i t e  e n t r a n c e  road. Proceed n o r t h  on t e s t  s i t e  e n t r a n c e  r o a d  

f i v e  m i l e s  t o  Main Gate en t r ance .  

Turn l e f t  ( n o r t h )  o f f  U. S. Highway 
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T a b l e  C-3  Wire Obs t ruc t ions*  

0.0 P l a n t  71  0 0 Gate 1, personnel  
e n t r y  t o  be made 
removable 

0.2 Junc. U S  395 and 
C lareiriont Mesa Drive 

E n t e r  395 by running  
over  curb  on one 
s i d e  24' wide; s i d e  
r a i l i n g  2 '  h igh  

16.0 

46.1 

Bridge 

Cross  Junc. S t a t e  
Highway 74  

210 

115 

91 

48.5 1 l i g h t  hanging i n  
c e n t e r  of road  

67.2 P e r r i s ,  C a l i f o r n i a  
Junc t ion  S t a t e  Highway 
74 

1 l i g h t  hanging i n  
c e n t e r  of road  

L e f t  on S t a t e  Highway 
74 

1 Highway b l i n k e r  
s i d e  of road  

Junc. D St. Right  on 
D S t  

67.8 

68.7  

75.2 

4 

17  

29 

Junc. US 395. L e f t  on 
395 

Junc. Van Buren S t .  
Rivers ide  L e f t  on 
Van Buren 

94.2 Junc. Etiwanda Ave. 
L e f t  on Etiwanda 

21 377 1 s t o p l i g h t  hanging 
from p o s t ;  .2 high- 
t e n s i o n  wire8  
q u e s t i o n a b l e  
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Tab1 e -3 Wire Obs t ruc t ions*  
(Continued) 

POINT TO POINT 
MILES FROM COUNT OTHIGR 
PLANT 71 I DENT IF1 CATION PO INT CABLES WIRES OBSTRUCTIONS 

102.1 Junc. with Highland Ave. 
Right on Highland 

106.8 Junc. wi th  S i e r r a  Way 
L e f t  on S i e r r a  Way 

109.1 

111.0 

114.0 

114.2 

122.6 

135.3 

Junc. with Riverside D r .  
L e f t  on Riverside 

Junc. with Devore Hd. 
Right on Devore Rd. 
wi th  d i p s  i n  Devore Rd. 

Junc. wi th  O l d  395. Le f t  
on O l d  395 - have p o l i c e  
s t o p  a l l  t r a f f i c  on 
o l d  395 

Junc. 395 Freeway 
L e f t  on 395. 
Do not use  overpass 

Junc. S ta te  Highway 138 
L e f t  on 138 

Junc. Phelan Rd. 
Right on Phelan Hd. Make 

9 330 

6 62 

2 

0 

1 20 

39 

96 

r i g h t  t u r n  by c i r c l e  t h r u  
Real Es ta te  Off ice  Yard. 
Watch d i p s  i n  road.  Cross 
summit, 4802 f t .  d l e v a t i o n  

146.0 Junc. w i t h  U .  S. 95 1 51 
L e f t  on 395 
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Tab le  C-3 Wire O b s t r u c t i o n s *  

\Cont inued)  

POINT TO POINT 
MILES FROM COUNT OTHbR 
PLANT 71 IDENTIFICATION POINT CABLES WIRES OBSTRUCTIONS 

151 2 

183.4 

212.4 

212.5 

213.1 

271.0 

373.6 

395.0 

400 

Cross Junc. Palmdale Rd. 0 5 1 l i g h t  hanging 
i n  c e n t e r  of road  I 

Kramer Junc. w i t h  U. S. 0 
466. Right on 466 ( A t  
t h i s  po in t  t u r n  l e f t  t o  
Edwards A i r  Force Base) 

40 

L e f t  on U .  S. 466 a t  
Barstow 

7 235 1 p o s s i b l e  t r e e  
tr imming n e a r  
Hinckley Hd. Junc. 

Right  on U. S. 466 1 

Junc. wi th  U. S. 91 2 
L e f t  on 91 

Junc. w i t h  S t a t e  Highway 4 
127 a t  B a k e r .  L e f t  on 127 

Junc. with U. S. 95 a t  0 
Lathrop  Wells, Nevada 
Right  on U. S. 95 

Junc. Mercury Turn-Off 0 
L e f t  on Mercury Kd. 5 
m i l e s  t o  T e s t  S i t e s  

T o t a l  Mileage 74 
P l a n t  71 t o  T e s t  S i t e  

1 6  

16  

99 1 l i g h t  hanging i n  
c e n t e r  of r o a d  

36 

32 

1986 

E x t r a c t e d  from F e a s i b i l i t y  of soad  T r a n s p o r t  of Nuclear  S t a g e s  t o  
t h e  Nevada T e s t  S i t e ,  H .  Che r in ,  PDSA37-61, Genera l  Dynamics/ 
A s t r o n a u t i c s ,  10  May 1961. 
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Table  C-4 P o i n t s  of I n t e r e s t  I n v e s t i g a t e d  

MILES FROM 
PLANT 71 POINTS INVESTIGATED 

3.7 

8.7 

14.7 

15.4 

16.6 

20.4 

20.7 

20.9 

22.6 

26.7 

28.5 

30.1 

30.9 

Bridge - 32 f t  wide ( r a i l  t o  r a i l )  
R a i l i n g  - 2.6 f t  h i g h  
Curb - 8 inches  

Bridge - 30.3 f t  wide ( r a i l  t o  r a i l )  
R a i l i n g  - 2.4 f t  h i g h  
Curb - 1 f t  h igh  
Roadbed - 28 f t  wide ( c u r b  t o  curb)  

2 through-cuts  ( n o t  l i m i t i n g )  

Bridge - (same measurements as b r i d g e  a t  8.7  m i )  

Bridge - 30 f t  wide ( ra i l  t o  r a i l )  
R a i l i n g  - 2.4 f t  h i g h  
Curb - d inches  
Roadbed - 26.2 f t  wide ( c u r b  t o  curb) 

Escondido (south)  2 l a r g e  t r e e s  t o  be trimmed 

SH 78 j u n c t i o n s  w i t h  US Highway 395 

Bridge - 34.0 f t  wide ( r a i l  t o  r a i l )  
R a i l i n g  - 3 f t  h igh  
Curb - 1 f t  h igh  
Roadbed - 28.5 f t  wide ( c u r b  t o  curb)  

Bridge (same as above) 

Trees  t o  be trimmed 

Trees  t o  be trimmed 

Through-cut, 38 f t  from rock  f a c e  t o  rock  face a t  
road  l e v e l .  Rock is v e r t i c a l  up t o  approximately 
10 f t  t hen  widens on a 1 t o  % s l o p e  

Through-cut 38 f t  from r o c k  f a c e  t o  rock  f a c e  at 
road  l e v e l .  Rock is a l m o s t  v e r t i c a l  from r o a d  l e v e l  
t o  h e i g h t  of c u t .  Would r e q u i r e  e x t e n s i v e  b l a s t i n g  
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Table C-4 P o i n t s  of I n t e r e s t  I n v e s t i g a t e d  
( Con t inued)  

MILES FROM 
PLANT 7 1  POINTS INVESTIGATED 

34.4 

35.0 

35.2 

35.8 

46 

49.5 

50.6 

51.2 

65 .1  

67 .'5 

and blade work t o  widen t h i s  through-cut .  T h i s  
through-cut w i l i  l i m i t  wid th  of  l o a d ,  however a 
36 f t  v e s s e l  ( d i a . )  cou ld  be  brought  th rough h e r e  
f o r  cu t  is on ly  about  0.2 m i  l o n g  

Through-cut 44 f t  wide from r o c k  f a c e  t o  r o c k  f a c e  
a t  road l e v e l .  T h i s  c u t  is on a s l i g h t  curve  b u t  
should pose no problem f o r  b r i n g i n g  a 120 f t  l e n g t h  
o b j e c t  th rough h e r e  

Bridge 28 f t  roadbed ( n o t  l i m i t i n g )  

Bridge ( n o t  l i m i t i n g )  

J u n c t i o n  - S H  76 w i t h  U. Y. Highway 395 

Bridge over  Temecula R ive r  ( n o t  l i m i t i n g )  

Bridge - 30 f t  wide ( r a i l  t o  r a i l )  
Ha i l ing  - 2.5 f t  h i g h  
Curb - 27 f t  ( c u r b  t o  cu rb )  

Bridge ( n o t  l i m i t i n g ,  same as above) 

J u n c t i o n  Highway 71 w i t h  395 

SH 74 l e a v e s  Highway 395 t o  r i g h t  

P e r r i s ,  C a l i f .  - C o n s t r u c t i o n  of o v e r p a s s  a t  t h i s  
p o i n t ;  however i t  is  p o s s i b l e  t o  l e a v e  Highway 395 
on to  up-ramp on r i g h t  a i d e  of ove rpass ,  c r o s s  r o a d  
of  overpass  and e n t e r  down-ramp e x i t i n g  on to  395 
again .  Hockbed w i l l  be 24 f t  wide w i t h  6 f t  ahoukders.  
No curve w i l l  have t o  be  n e g o t i a t e d  upon e n t e r i n g  395 
again.  

(An a l t e r n a t e  r o u t e  could  be t a k e n  through P e r r i s ,  
however, on ove rpass  o u t  of town and e n t e r i n g  i n t o  
395 us ing  t h e  down-ramp would r e q u i r e  n e g o t i a t i n g  a 
s h a r p  curve  which would p r e s e n t  problems w i t h  a very  
long  t ra i ler)  
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I 
1 Table C-4 Points of Interest Investigated 

(Continued) 

I 
MILES FROM 
PLANT 71 POINTS INVEST1 GATdD 

I 
I 
I 
I 
I 
I 
1 . 
R 

68.0  

68.3 

69.3 

69.5 

75.6 

85.6 

86.0 

89.8 

94.8 

97.8 

98.7 

100.4 

101.2 

Left turn of f  U. S. Highway 395 onto San Jacinto. 
(no problem) 

Right turn off San Jacinto onto Yerris Blvd. 'here 
is an empty lot on the right corner of this inter- 
section and a long trailer could make this corner 
easily. (This is not a limiting intersection) 

Left turn-off Perris Blvd onto Neuvo Road. (This is 
not a limiting intersection) 

Turn right off Nuevo Road onto U. S. Highway 395. 
Wheels of trailer may have to go off pavement onto 
dirt when making this turn but this is a large inter- 
section due to a vacant lot at the corner. (not a 
limiting intersection) 

Left turn o f f  U. S. Highway onto Van Buren Ave. 
(March AFB) (not a limiting intersection). Bad hump 
at RH crossing 4 ft rise in 48 ft 

1 mile row of trees (palm). 45 ft width between trees 
across road. 23 ft roadbed 

Arlington ATSF crossing. Signals must be removed, and 
the crossing has a 5 ft rise in 80 ft on the approach 
and 5.5 ft rise in 126 ft slope leaving the crest of 
the rise 

Santa Ana river bridge - not limiting 
Turn right off Van Buren onto dtiwanda 

Trees to be trimmed 

Southern Pacific RR crossing 

ATSF crosses Etiwanda 

Foothill Blvd. crosses Etiwanda 
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Table C-4 Points of Interest Investigated 

(Continued) 

MILES FROM 
PLANT 71 POINTS INVESTIGATXD 

102.3 

102.4 

103.2 

107.9 

111.2 

111.6 

Trees will need trimming 

Pacific Electric RR crossing 

Turn right on Highland Ave. (This could be the limiting 
intersection). Dimensions are shown in Figure C-5. 
Eucalyptus trees line the right side of this road with 
Palm trees lining the left side. Forty-one ft is the 
shortest distance between these trees across the road. 
There are 3 or 4 humps which could cause trouble 
depending on trailer clearance 

Turn left off Highland onto Sierra Ave. There is an 
empty lot on the northwest corner which will increase 
turn-area. Not as limiting as the intersection at 
Etiwanda and Highland 

Right turn onto Devore Road. Here again the turn will 
not be as limiting as the intersection at Etiwanda and 
Highland 

Four wooden bridges - Structural members are 2 X 12 
inch wooden beams on end with asphalt covering. 
Span is 20 ft 
Width of Bridge, rail to rail, 24 ft 
Roadbed - 22.5 ft 
Curb - 8 inches high 
Railing 2 .5  ft high 

If structure of bridge is not heavy enough to allow 
weight required to pass over, there is a possibility of 
bypassing the bridges by means of a shoe-fly on right 
side of bridge. This shoe-fly is partially paved but 
would need fill. Three telephone poles would have to be 
removed 

There are also dips on this road which might cause 
clearance trouble. Worst dip is 162 ft from peak to peak 
and it drops down 3 ft in 30 ft near one peak. Fill may 
be required. 
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Table  C - 4  P o i n t s  of I n t e r e s t  I n v e s t i g a t e d  

( Continued)  

MILES FROM 
PLANT POINTS INVESTIGATED 

il' 
115.2 Turn l e f t  off Devore on to  o l d  U S  Highway 66 which is 

c a l l e d  Cajon t3lvd. Vehic le  would have t o  go a g a i n s t  
t r a f f i c  u n t i l  i t  r e a c h e s  freeway, c u t  a c r o s s  freeway t o  
r i g h t  s i d e  of freeway then  proceed on 395 n o r t h  

1 
8 

D 
I . 
I 

123.7 L e f t  off U S  Highway 395 onto  SH 2/138. Dips a long  t h i s  
road.  Counted 25 d i p s  

135.4 Turn o f f  S H  2/138 on to  Phelan Road. A t  t h i s  i n t e r s e c t i o n  
a 360 degree t u r n  must be made i n  o r d e r  t o  e n t e r  Phe lan  
Road. T h i s  t u r n  can be n e g o t i a t e d  e a s i l y  s i n c e  t h e  l e f t  
s i d e  of  SH 2/138 is e s s e n t i a l l y  b a r e  and would need only  
a l i t t l e  blade work t o  p repa re  t h e  t u r n  a r e a  

146.4 

147.2 

184.8 

205.6 
206.2 

207.2 

213.8 

214.6 

219.5 

Phelan  Road a t  i ts  minimum width  is 17  f t  wide. Road 
work can  be done on bo th  s i d e s  of roadbed for s h o u l d e r s  
a r e  hard  and t h e r e  is p l e n t y  of f i l l  nearby. T h i s  f i l l  
c o n s i s t s  of hard g r a v e l ,  rock ,  and sand. There are 
numerous d i p s  and humps on t h i s  road  b u t  on ly  a few are 
s e v e r e  enough t o  pose t h e  problem of f i l l .  

High-tension l i n e s ,  approximately 25 f t  h igh  o f f  road- 
bed l e v e l  would have t o  be r a i s e d  

Turn l e f t  off  Phe lan  Road onto  U S  Highway 395 

K r a m e r  Junc t ion  wi th  US Highway 466; t u r n  r i g h t  o f f  
Highway 395 onto U S  466 

Trees  t o  be  trimmed 

C r o s s  a t  SF RR 

Curve h e r e ,  but should  pose no problem 

Curve h e r e  should pose no problem 

Overpass being b u i l t  over  U S  Highway 91 but  t h e r e  is 
room t o  go up up-ramp o f f  U S  Highway 91 over  road  on 
overpass  then down down-ramp on to  f r o n t a g e  r o a d ,  o f f  
f r o n t a g e  back on to  US Highway 91. These ramps a r e  24 f t  
wide wi th  6 f t  s h o u l d e r s  
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Table  C-4  P o i n t s  of I n t e r e s t  I n v e s t i g a t e d  

( Continued) 

MILES FROM 
PLANT POINTS INVESTIGATED 

225.9 

226.4 t o  
271 4 

271.6 

271.8 

299.3 

322.0 

324.5 

325.3 

349.3 

371.6 

395.1 

398.0 

399.5 

C- 36 

Bridge - 26 f t  r a i l  t o  r a i l  (on US Highway 91) 
No curbs  
R a i l i n g s  - 2 f t  

S t r u c t u r e  - Wooden 6 X 15 inch  members spaced  2 f t  
a p a r t  running  lengthwise  wi th  road ,  20 f t  l ong ,  3 
spans.  Each span  is suppor ted  by f o u r  12-inch d iameter  
p i l i n g s  

44 b r idges  of wooden c o n s t r u c t i o n  as p r e v i o u s l y  
desc r ibed  a t  225.9 m i  

Bridge - 26 f t  r a i l  t o  r a i l ,  approx. 200 f t  long.  Con- 
s t r u c t e d  wi th  wooden members as d e s c r i b e d  a t  225.9 m i  

L e f t  o f f  US Highway 91  on to  SH 127 a t  B a k e r  

Dips and r i s e s  i n  r o a d  250 f t  from c re s t  t o  crest  

32 f t  wide through-cut  w i th  a 1 t o  % s l o p e  on each s i d e  
of road .  Wails r i s e  t o  about  10 f t .  Should n o t  pose a 
p r  ob1 em 

Trees  t o  be trimmed a t  Shoshone 

Through-cut.28 f t  wide a t  road  l e v e l ;  32 f t  wide a t  s i x  
f t  above road  l e v e l .  Widens t o  50 f t  a t  t o p  of c u t .  
Right w a l l  (Eas t  w a l l )  rises t o  approx. 15 f t  h igh  a t  a 
1 t o  J1 s l o p e .  L e f t  w a l l  (West w a l l )  rises t o  approx. 
25 f t  h igh  w i t h  a 1 t o  36 s l o p e .  Right  w a l l  can  be 
bladed down f o r  it is made of f r a c t u r e d  and cracked  
malapi rock 

D e a t h  Va l l ey  J u n c t i o n  

L a t  hrop W e l  1s 

Turn l e f t  o f f  US Highway 95 onto  r o a d  l e a d i n g  i n t o  t e s t  
si tt  

Overhead c a b l e  t o  be moved 

Main g a t e  i n t o  T e s t  S i t e  

, 
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C.1.6 Cost .  7 The c o s t  of t r a n s p o r t i n g  a 36 x 100-foot s t a g e  from 

A.F. P l a n t  71  t o  kiercury, Nevada, w i l l  depend p r i m a r i l y  upon t h e  

d i f f i c u l t i e s  bhat ar ise  i n  r e l o c a t i n g  and r a i s i n g  t h e  t e l ephone  and 

power l i n e s  and c a b l e s  t h a t  p r e s e n t l y  i n t e r f e r e  wi th  t h e  d e s c r i b e d  

r o u t e .  The de te rmina t ion  of t h i s  e x a c t  c o s t  would r e q u i r e  a d e t a i l e d  

s t u d y  of each w i r e  and cable a long  t h e  r o u t e  and t h e  i d e n t i f i c a t i o n  

of t h e  s p e c i f i c  mod i f i ca t ion  or adjus tment  r e q u i r e d  i n  each case. 

An a n a l y s i s  of t h i s  t ype  was not  w i t h i n  t h e  scope of t h i s  survey. 

However, an area c o s t  estimate was developed based on p r e v i o u s  

d e t a i l e d  t r a n s p o r t a t i o n  s t u d i e s  performed on t h e  S-11. T h i s  area 
estimate i s  made up of t h e  fo l lowing  c o s t s :  

a. Basic T r a n s p o r t a t i o n  (prime mover and e s c o r t  $ 20,000 

v e h i c l e  r e n t a l ,  crew c o s t s ,  r ight-of-way 

pe rmi t s ,  p o l i c e  e s c o r t s  and in su rance  

b. Permanent Route Modi f i ca t ions  ( t r e e  removal, 

widening road  c u t s ,  minor road  changes,  s i g n  

r e l o c a t i o n )  

C. Temporary Route Modi f i ca t ions  ( t r e e  trimming, 7,000 

d i p  f i l l i n g ,  etc.) 
d. l i r e ,  Cable  and S i g n a l  Re loca t ions  180,000 

F i r s t  T r i p  $215,000 

Sub sequent  T r i p  6 27,000 

Item ( d )  is based on a semi-permanent change, a l a r g e  number of which 

are r e q u i r e d  r e g a r d l e s s  of t h e  number of t r i p s  t h a t  are planned.  

Temporary arrangements  would reduce t h i s  approximate ly  50 p e r c e n t  60 

t h a t  a s i n g l e  t r i p  might be expec ted  t o  c o s t  about  $125,000. I f  

t h r e e  o r  more t r i p s  were planned, it is l i k e l y  t h a t  permanent w i r e ,  

c a b l e ,  and s i g n a l  changes would be t h e  most economical a l t e r n a t i v e .  

8,000 
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APPENDIX D 

PRELIMINARY PERFORMANCE ANALYSIS 

The first phase of t h e  Sa turn  D s tudy  w a s  conducted u s i n g  e x c l u s i v e l y  

t h e  p r e l i m i n a r y  S a t u r n  C-1 and C-2 c o n f i g u r a t i o n s  (257-inch d i ame te r ) .  

T h i s  appendix summarizes t h e  p a r a m e t r i c  s t u d y  t h a t  w a s  performed based 

on u s e  of t h e s e  c o n f i g u r a t i o n s ;  t h e  method of a n a l y s i s ,  b a s i c  assump- 

t i o n s ,  payload c u r v e s  and t r a j e c t o r i e s  are inc luded  i n  t h i s  appendix.. 

The des ign  p o i n t  w a s  maximum payload t o  escape  v e l o c i t y .  

D . 1  CONFIGURATIONS. F ive  c o n f i g u r a t i o n s  emerged from t h e  i n t e g r a t i o n  

of t h e  C-1, C-2, and t h e  two n u c l e a r  s t a g e s  wi th  t h r u s t  l e v e l s  of 

70.5 K and 190 K. A l l  f i v e  c o n f i g u r a t i o n s  can  perform u s e f u l  mi s s ions  

of  v a r i o u s  scope,  from o r b i t a l  t o  i n t e r p l a n e t a r y .  The C-1 conf igura-  

t i o n  is combined wi th  t h e  SN-I o r  SN-I1 f o r  a two-stage c o n f i g u r a t i o n ,  

and wi th  both  t h e  S N - I  and SN-I1 f o r  a t h r e e - s t a g e  c o n f i g u r a t i o n .  

The C-2 c o n f i g u r a t i o n  ( S I ,  S-11) is used i n  con junc t ion  wi th  t h e  

S N - I ,  o r  S N - I 1  as t h i r d  s t ages .  Table  D-1 d e s c r i b e s  t h e  t h r u s t  

l eve l s ,  j e t t i s o n  weights ,  and p r o p e l l a n t  c a p a c i t y  of each  s t age .  

0 . 2  PE1’VOWiANCE CRITERIA. The i n i t i a l  performance c r i t e r i o n  w a s  a 

m i n i m u m  launch  thrus t - to-weight  r a t i o  of 1.2. P rev ious  exper ience  

had demonstrated t h a t  a lower va lue  evo lves  e x c e s s i v e  g r a v i t y  losses 

and c r e a t e s  launch s t a b i l i t y  problems. A h i g h e r  i n i t i a l  t h r u s t - t o -  

weight  r a t i o  for t h e  th ree - s t age  c o n f i g u r a t i o n s  compromises t h e  rea l i -  

z a t i o n  of t h e  n u c l e a r  s t a g e  f u l l  p o t e n t i a l .  

first s t a g i n g  was cons t r a ined  t o  400 ps f  i n  accordance w i t h  a p rev ious  

S-I b o o s t e r  dynamics a n a l y s i s .  The j e t t i s o n  weights  f o r  t h e  S-I and 
S-IX s t a g e s  were ob ta ined  from p re l imina ry  in fo rma t ion  provided by 

NASA on t h e  C-1  and C-2 conf igu ra t ions .  

weights  were expressed  as a func t ion  of p r o p e l l a n t  weight  by t h e  

formulas  : 

d j  = 18,500 + 0.0909 (Vip - 59,000) for t h e  SN-I and Wj = 21,500 + 
0.0909 ( d p  - 50,000) f o r  t h e  S N - 1 1 .  

The dynamic p r e s s u r e  a t  

The n u c l e a r  s t a g e s ’  j e t t i s o n  

D-1 
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These formulas  were der ived  from s e v e r a l  des ign  p o i n t s  f o r  a 257-inch 

tank diameter .  A 1 6  second c o a s t  p e r i o d ,  i n  l i e u  of t h r u s t  t r a n s i e n t  

start, w a s  i n s e r t e d  p r i o r  t o  t h e  n u c l e a r  s t a g e  f u l l  t h r u s t .  A f t e r  

s t a g i n g ,  aerodynamic e f f e c t s  were cons ide red  n e g l i g i b l e .  

D.2.1 Performance Analys is  Technique. T r a j e c t o r i e s  f o r  a l l  conf igura-  

t i o n s  were s imula t ed  on t h e  7090 IBM e l e c t r o n i c  computer. A l aunch  

from AMR, a r o t a t i n g  s p h e r i c a l  e a r t h  and an  azimuth of 1 0 5 O  were 

assumed. I n i t i a l l y  f u l l  l oad ing  of t h e  n u c l e a r  s t a g e s ,  conipat ible  

w i th  t h e  launch  t h r u s t  t o  weight r a t i o ,  w a s  adopted.  T h i s  w a s  v a r i e d  

u n t i l  a maximum payload t o  escape  w a s  a t t a i n e d .  A spectrum of p i t c h  

a n g l e s  and v e r t i c a l  f l i g h t  t i m e s  w a s  ana lyzed  i n  o r d e r  t o  minimize 

g r a v i t y ,  d rag ,  and  misalignment l o s s e s .  I n  t h e  c a s e  of t h e  t h r e e  

s t a g e  c o n f i g u r a t i o n s ,  p r o p e l l a n t  o f f - load ing  i n  t h e  S-I and S-I1 were 

g iven  c a r e f u l  c o n s i d e r a t i o n ,  and t r a d e - o f f s  were e s t a b l i s h e d .  

D. 3 VEHICLE PERFORMANCE 
a. S- I ,  SN-I. The f i r s t  c o n f i g u r a t i o n  ana lyzed  was t h e  two-stage 

S-I, SN-I v e h i c l e .  The S-I s t a g e ,  f u l l y  loaded ,  consumes 750,000 

pounds of p r o p e l l a n t .  The thrus t - to-weight  r a t i o  of t h e  n u c l e a r  

second s t a g e  is v a r i e d  u n t i l  t h e  maximum payload of approximate ly  

20,000 pounds t o  escape v e l o c i t y  is a t t a i n e d .  T h i s  r e q u i r e s  a 

p r o p e l l a n t  consumption of 90,000 pbunds. F i g u r e  D-1 i l l u s t r a t e s  

t h e  payload v a r i a t i o n  v e r s u s  p r o p e l l a n t  consumption f o r  s e v e r a l  

miss ions .  A s  can b e  observed,  t h e  cu rves  a r e  r e l a t i v e l y  f l a t  

ove r  t h e  range of n u c l e a r  s t a g e  th rus t - to -we igh t  r a t i o s  examined. 

The l e f t  s i d e  payload dec rease  is t h e  r e s u l t  o f  i n s u f f i c i e n t  

p r o p e l l a n t  l o a d i n g  t o  real ize  t h e  f u l l  n u c l e a r  s t a g e  p o t e n t i a l .  

The r i g h t  ex t r emi ty  of t h e  c u r v e s  demonst ra tes  t h e  e f f e c t  o f  

e x c e s s i v e  v e l o c i t y  l o s s e s  i n c u r r e d  by low thrus t - to-weight  r a t i o .  

A t y p i c a l  t r a j e c t o r y  is p l o t t e d  i n  F i g u r e  D-2, 

b. S- I ,  S-11, SN-I. I n  o rde r  t o  o b t a i n  a n  i n i t i a l  th rus t - to-weight  

r a t i o  of 1 .2 ,  t h e  launch weight  of t h e  t h r e e - s t a g e  v e h i c l e  is 

f i x e d  a t  1 ,250,000 pounds. T h i s  n e c e s s i t a t e s  o f f - load ing  of pro- 

p e l l a n t  i n  t h e  chemical s t a g e s .  S ince  t h e  s-I1 h a s  t h e  h i g h e r  

D- 3 



AE6 1- 101 7 
1 November 1961 

s p e c i f i c  impulse of t h e  f i r s t  two s t a g e s ,  i t  is k e p t  f u l l y  loaded  

wh i l e  t h e  p r o p e l l a n t  weight i n  t h e  S-I is decreased  t o  620,300 

pounds. The payload ve r sus  n u c l e a r  s t a g e  p r o p e l l a n t  weight  is 

p l o t t e d  i n  F igure  D-3. The maximum payload t o  escape v e l o c i t y  

is 57,700 pounds f o r  an  SN-I p r o p e l l a n t  consumption of 85,400 

pounds, A t r a j e c t o r y  t o  t h e  100 n a u t i c a l  m i l e s  o r b i t  f o r  a 

n u c l e a r  s t a g e  thrus t - to-weight  r a t i o  of 0.455 is p r e s e n t e d  i n  

F i g u r e  D-4. 

C .  S-I, S-11, SN-11. A s  i n  t h e  p rev ious  c o n f i g u r a t i o n ,  t h e  launch  

weight was s e t  a t  1,250,000 pounds. S i n c e  t h e  t h r u s t  of t h e  

n u c l e a r  t h i r d - s t a g e  is 190 K ,  t h e  s t a g e  weight shows a cons ide r -  

a b l e  i n c r e a s e  over t h e  n u c l e a r  s t a g e  weight  o f  t h e  SN-I. A s  a 

r e s u l t ,  o f f - loading  of bo th  t h e  S-I and S-I1 s t a g e s  is necessa ry .  

For comparison purpose,  t r a j e c t o r i e s  wi th  i n i t i a l  t h r u s t  t o  weight  

r a t i o  of 1.25 were s imula ted .  The r e s u l t  is a 1 2  p e r c e n t  n e t  pay- 

l o a d  l o s s  f o r  escape v e l o c i t y .  The payload cu rves  f o r  launch  

thrus t - to-weight  r a t i o s  of bo th  l..2 and 1.25 a r e  shown i n  F i g u r e s  

0-5 and D-6  and a t y p i c a l  t r a j e c t o r y  is p l o t t e d  i n  F i g u r e  D-7. 

d. S-I, SN-11. The t echnique  f o r  payload op t imiza t ion  of t h i s  

c o n f i g u r a t i o n  is s i m i l a r  t o  t h a t  a p p l i e d  t o  t h e  two s t a g e  S-I ,  

SN-I v e h i c l e .  The th rus t - to -we igh t  r a t i o  v a r i a t i o n  of t h e  n u c l e a r  
s t a g e ,  r ang ing  from 0 .7  t o  0.85 appea r s  t o  have s l i g h t  e f f e c t  on 

t h e  payload. F igure  D-8  i l l u s t r a t e s  payload f o r  v a r i o u s  mis s ions  

ve r sus  n u c l e a r  s t a g e  p r o p e l l a n t  weight ,  and t h e  maxinium payload 

t r a j e c t o r y  is p l o t t e d  i n  F i g u r e  D-9. 

e .  S - I ,  SN-11, SN-I. I n  t h e  a n a l y s i s  of t h i s  c o n f i g u r a t i o n  two 

approaches were examined. The f i r s t  one u s e s  a s u b o r b i t a l  s t a r t  

of t h e  SN-I while t h e  second method o p e r a t e s  t h e  SN-I1 t o  t h e  

100 n a u t i c a l  mile o r b i t ,  j e t t i s o n s  t h e  empty weight  and a l l o w s  t h e  

SN-I t o  complete t h e  mission.  The l a t t e r  method proves  t o  b e  t h e  

more advantageous.  However, a s  F igure  D - 1 0  shows c l e a r l y ,  t h e  

SN-I combined w i t h  t h e  SN-I1 does n o t  o f f e r  any performance ga in  

over  t h e  two s t a g e  S-I, SN-I1 c o n f i g u r a t i o n  f o r  escape.  I n  f a c t ,  

t h e  r e s u l t  is a lower p9-yload. However, as t h e  miss ion  v e l o c i t y  

requi rements  i n c r e a s e ,  t h e  t w o  n u c l e a r  s t a g e s  combined g r a d u a l l y  

ove r t ake  and exceed t h e  s i n g l e  n u c l e a r  s t a g e  c a p a b i l i t y .  

D-4 
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E.1 NEUTRON SHIELD MATERIALS 
E.1.1 Beryllium Metal. Beryllium does not readily form alloy60 
The addition of 3-4 percent of beryllium oxide produces good 
properties. Brittleness is an undesirable property. Beryllium's 
brittle-to-ductile transition point is approximately 477% (860.R) . 
Polycrystalline beryllium exhibits essentially aero elongation at 
rooa temperature. The mechanical properties are strongly depen- 
dent on the purity of the metal and the degree of anisotropy brought 
about by working. Extruded castings have from 2 to 3 percent elong- 
ation parallel to the extrusion axis. Hot pressed powder has a 
2-percent elongation in all directions. Extruded powder has from 
15 to 20 percent parallel elongation, and 1 to 2 percent in the 
transverse direction. Extruded 200 mesh powder, croes-rolled at 
1000°C ( 0  to 10) has 36 to 40-percent elongation in all directions. 
Generally, beryllium exhibits poor formability. The metal machineo 
fairly well, somewhat like cast iron. It m y  be joined without 
sacrificing properties. The best physical properties may be devel- 
oped through powder metallurgy techniques. 
available on the effects of radiation on beryllium at cryogenic 
temperatures. There ie reason to believe that damage would be 
accelerated. Beryllium is subject to nuclear reactions that produce 
gas atore by transmutations within the metal lattice. These gas 

atoms cauee blisters. The effects may be more severe at low ter- 
peratures. 

a. Be (n, u He 

No information is 

The reactions producing gas are: 
9 6 

6 6 

6 

He - Li (.083 sec half-life) 

Li (nt, a 

2 a  - 2 He4 
9 8 

H3 (945 barns) 

b. Be (n, 2n) Be 

Be8 - 2 He* sec half-life) 

E-1 
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C. Be9 ( Y , n) Be 8 
Be 8 - 2 He 4 

9 8 d. Be - ( Y 9 P) -. Li 
Li8 - Be8 - 2 He 4 

Beryllium is a180 subject to fast-neutron damage from interstitials, 
vacancies, displacements, and impurities. Irradiation at elevated 
temperature produced the following results: 

INTEGRATED FLUX 

0 

2 x n/ca2 (fast) 

HARDNESS-ROCKWELL B 
68 
88 

100 2 6 x 1021 n/cn (fast) 

INTEGRATED FLUX 

0 

TENSILE STRENGTH, PSI 

33,000 

2 49 ,Ooo 1.5 x 1021 n/cm 
A considerable quantity of physical property data is available in 
the literature. A small quantity is included here in Table E-1 
for comparison purposes, The physical properties are highly depen- 

dent on the fabrication technique employed. Beryllium generally 

retains the same tensile and yield strength values at cryogenic 

temperatures that it has at OOC. 

Table E-1. Properties of Vacuum Hot Preerred Beryllium 

STRUCTURAL PROPERTIES 

TEST TEMPmTURE, OK ULTIMATE TENSILE YIELD STRENGTH ELONG 

STRENGTH, PSI 273OK 246 OFF, PSI % 

R.T. 
373 

473 

33,000-51,000 27,000-38 000 1-3 5 

32,000-49,000 3-8 

30,000-43,000 6-15 

E 2  
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24,000-35 ,OOO 

22,OOO-27,000 

Tensi le Modulus 
Compressive Y ie Id 
0.296 offeet 

Coapressive Mod. 

Ultimate Shear 
Denrrity , gnJcc 

THERMAL PROPEWTIES 

Melting Point, OK 1558 210°K 
Specific Heat (cal/gm/'C) 

TEMPERATURE, "C 

-200 
-100 
0 
100 
200 

Thermal Conductivity (cal/cm-sec-'C) 

373 
473 
373 

6 

86,300 psi 

44.4 x 10 psi 

6 

46,900 pmi 
43.9 x 10 psi 

1.84 

VALUE 

0 
0.2 

0.4 
0. 3 
0.55 

0.39 

0.36 
0.35 

Coefficient of Thermal Expansion (in/in-"C) 
25-100 12.3 
25-200 13.3 

25-300 14.0 

12-30 
19-40 

E.1.1.1 Borated Beryllium btal. Beryllium may be borated. The 

maximum workable mixture for the borated material is 97 percent by 
weight of beryllium and 3 percent by weight of boron. 
in the form of stable beryllium boride (Be6B). 
dispersed through the beryllium and the mixture is compacted by 

employing powder metallurgy techniques. 
a metal generally increases the damage from radiation effects. 

The boron is 
Beryllium boride is 

The addition of boron to 

The 

E-3 
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burn-up of boron results in a loes of propertiee. 
ducing gas is: 

The reaction pro- 

4 7 BIO + on1 - He + 3Li . 5 2 

This reaction will increase the damage from thermal neutrons. 
Examination of radiation effects on beryllium metal and borated 
beryllium indicates more radiation damage in the borated material. 
Radiation damage at low temperatures would increase. 
boron content exceeds 3 percent by weight, the mechanical and ther- 
mal propertieta of borated beryllitm are similar to ceramic materials. 
The addition of only 1 percent of boron results in a slight increase 
in beryllium tensil strength and a slight decrease in elongation. 

When the 

E.1.2 Beryllium Oxide. Manufactured beryllium oxide is a powder 
of no value unless it is fabricated into a solid. Most of the con- 
ventional fabricating techniques, including dust processing, slip 
casting, ramming, and extrusion may be used to form Be0 ceramic8 
from powder. 
Sometimes small amounts of alumina, silica, zirconium oxide, cal- 
cium oxide, or beryllium sulfate are added. Rough machining opera- 
tions may be carried out in a presintered or low fired state 
(sintered at 1200 to 1500%) ueing high speed or carbide tools. 
Machining to eiee after firing may only be accomplished by grind- 
ing with abrasive tools or cu$ting with diamond tools. Beryllium 
oxide could be damaged in a manner similar to the damage of beryl- 
lium. No information i e  available on the effects of radiation on 
beryllium oxide at cryogenic temperatures. The thermal conductivity 

of beryllium oxide is known to decrease with increasing radiation 
dosage. The thermal conductivity was reduced 40 percent at room 
temperature by an integrated flux of 1.3 x lo2' n/cm . 
oxide would be subject to both thermal neutron and fast neutron 
damage. As in the case of beryllium metal, the fabrication tech- 
niques determine the phyeical properties. This is clearly shown 
in Table E-2. 

A common process is to press it at 1600-230O0C. 

2 Beryllium 

E-4 
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Table E-2. Physical  P rope r t i e s  of Beryllium Oxide a t  Room 
Temperature 

DENSITY, GM/CM3 COMPRESSIVE STRENGTH, PSI MODULUS OF ELASTICITY, 

PSI 

1.8 10,Ooo 

2.0 12,000 

2.2 20,000 

2.4 35,000 

2.8 120,000 

2.6 60,000 

3.0 --- 
THEEZMAL PROPERTIES OF Be0 

Melting Point  

S p e c i f i c  Heat ( ca l /gd°K 

TEMPERATURE, O K  

173 

273 

373 

673 

5 x lo6 
10 x lo6 
15 x lo6 

33 x lo6 
43 x lo6 

24 x lo6 

52 x lo6 

+ 2823 - 25'K 

VALUE 
0 . 0125 

0.229 

0.321 

0.438 

M - a n  Coef f i c i en t  of Linear Expansion da./ in./OK, 10-6 
TEMPERATURE, O K  VALUE 

5.3 - + 1.0 298-373 

298-573 8.0 2 0.6 
+ 298-873 9.6 - 0.8 

Thermal Conductivity:  

(Density 2.6 - 2.7) 

(Cal/cn-sec-"K) 

TEMPEXATURE, O K  VALUE 

373 0.5 

473 0.4 

673 0.2 

873 0.1 
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E.1.2.1 Borated Beryllium Oxide. Since borated beryllium oxide 
classifies as a ceramic, and beryllium-boron intermetallics are 
known to e'xist, there is reason to believe that good borated beryb 
lium oxide ceramics are possible. 
be located on borated beryllium oxide. 
a metal generally increases the damage from radiation effecte. 
The burn-up of boron results in loss of properties. 
producing gas is: 

No published information could 
The addition of boron to 

The reaction 

BIO + on1 -L 2He 4 + 3Li 7 
5 

This results in an increase in the damage from thermal neutrons. 
Examination of radiation effects on beryllium metal and borated 
beryllium indicates more radiation damage in the borated materials. 
Radiation damage at low temperature would be accelerated. The 

physical properties of borated beryllium oxide are not available. 

E.1.3 Lithium Hydride. Lithium hydride is a white, crystalline 
solid which may be fabricated into blocks. It is essentially 
stable in an inert atmosphere up to 975OR. Since lithium hydride 

reacts readily with water, it must be canned. 

Lithium hydride shields are usually constructed from a series of 
pressed blocks, The lithium hydride blocks are fabricated by either 
hot or cold pressing. The major difference is in the amount of 
force required to coraprese the lithium hydride power. A 500.C 

hot-pressed block will reach 98 percent of theoretical density 
with only 2500 p s i ,  while cold pressing requires 20,000 psi to 
approach 92 percent of theoretical density. An inert atmosphere 
must be maintained over the heated die, since the material is ex= 
tremely seneitive to atmospheric moisture and oxygen at elevated 

temperatures. It is possible to obtain partial relief from some 

of the fabrication difficulties if a binder (organic or aetallic) 
can be used with the lithium hydride. 

Large crystals retain their gross structure when exposed to pile 
rediation in the order of lo1' n/cm 2 However, polycryetalline 

E-6 
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aggregate6 develop from thermal spikes. Irradiation damage is 
accelerated at liquid nitrogen temperature. Irradiation of cast 

and premed lithium hydride confined tightly in etainless steel 
containers resulted in negligible pressure or expansion effects 

2 after irradiation of 6 x 10” n/cm at 535.C. 
hydride rill expand when exposed to integrated fluxes as lor a6 
10l6 n/cm2 at 315.C. 
upon the method of fabrication (eee Table EX). 

Unconfined lithium 

The physical properties are highly dependent 

E.1.4 Polyethylene. The term Npolyethylenet@ is not descriptive 
of a definite structure. Generally, two types of polyethylene are 

available for the production of shiel*. They are the lor density 

polyethylene, containing a greater proportion of chain branches, 
and high density (or linear) polyethylene, containing considerably 

less chain branches. 

gen content per unit of volume and has more desirable physical 
properties. 

The linear polyethylene has the highest hydro- 

Polyethylene is produced as a powder and must be hot-compression 

molded. For this reaaon, it i s  normally used in sheet form. The 

material forms well and is easily machined. The bonding of poly- 

ethylene to itself or another material is extremely difficult. 

Table E-3. Physical Properties of lithium Hydride 

MECHANICAL PROPERTIES: 
3 Density g/cm at 20°C 

Theoretical 0.82 

Commercial Reesed Powder 0.7 
Commercial Looee Powder 0.3 

Compressive Strength 
Cold Pressed 

Hot Pressed 

Modulus of Elasticity 
Cold Pressed 

Hot Pressed 

10,800 psi 
24,300 psi 

6 7.1 x 10 psi 
6 10.8 x 10 psi 

E 7  
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Mo.dulus of Rigidity 
Cold Pressed 
Hot Reseed 

6 
6 

2.7 - 3.1 X 10 p8i 
4.3 - 5.0 x 10 psi 

THERMAL PROPERTIES : 
PROPERTY VALUE 

Welting Point, OC 680 

Specific Heat (g-cal/g-.C) 
ooc 0.98 

SOOC 1.07 
Thermal Conductivity 

(cal/cm-sec-°C) 0 . 0222 
Coefficient of Thermal Expansion 

(in/in/'C) 3.9 loo5 
Decomposition Point 

(Equilibrium H pressure, mm Hg) 
2 

600.C 110 om Hg 
700.C 300 mm Hg 
8OOOC 700 rrrm H 

Some success, however, has been claimed with never adhesives. 

Polyethylene is affected by both gamma and neutron irradiation, 
but shows very little physical property change up to a dose of 

7 1 x 10 rad8. However, the material will liberate gases during 
7 irradiation. The primary effect of irradiation beyond 1 x 10 

rads is a decrease in elongation and an increase in brittleness. 
The melting point is increased upon exposure to S x 10 
The low-temperature properties would be expected to be severely 
adversely affected. 

6 rads. 

The low melting point of polyethylene makes the physical properties 
highly dependent upon temperature. 

properties. 

Table E-4 summarizes its 
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Table E-4. Pnyoical Properties of Polyethylene 

STRUCTURAL PROPERTIES (at- 298.X) 

Denai ty 0.96 g d c c  
Tenaile Strength (pi) 4000 

Compreabion Strength (pail 2440 

Shear Strength (psi) 3600 

Elastic Modulus (poi 19,000 

THER#AL PROPEXTIES: 

Melting Point, .C 105- 120 
Specific Heat (g-cal/g/OC 0.55 

Theraal Conductivity O.OOO62-0 00083 
(cal/se~-cr-~C) 

Coefficient of Thermal Expansion 
( i d i n P C )  

Heat Dietortion 

Under Presmure of 264 psi 

11-18 X loo5 

SOOC 

E.1.4.1 Borated Polyethylene. Refer to the information for 
"polyethylene. *' Both lor-density and high-density polyethylene may 

be borated. Boron carbide (B4C) is normally used. The fabrication 

procedures for borated polyethylene are essentially the same as 
those for polyethylene. The effect6 of radiation will be in- 
creased through the addition of boron. The reaction: 

5~10 + on 1 - He 4 + 3~ 7 2 

produces damage from thermal neutrons, adding to the damage from 

fast neutrons and gamma rays. 
is appreciable. Some properties typical of a 6-percent borated 
polyethylene may be illustrated by the following. 

The heat produced from this reaction 

STRUCTURAL PROPERTIES AT 298'K 

Density 1.0 g d c c  
 enm mile Strength 3930 p8i 

E-9 
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Compression Strength 2700 psi 
Shear Strength 3560 psi 

E.1.5 Graphite. Graphite has one of the most anisotropic struc- 
tures known. The physical properties of the final product are 
highly dependent upon the choice of raw materials and the method 

of forming. Graphite also possesses unique refractory properties. 

Items fabricated from manufactured carbon and artificial graphite 
are made of a filler and binder mass which is shaped and heat- 
treated. The filler and binder are mixed at a suitable temperature. 
The resultant mass is formed by molding or estrusion and is then 
baked at 1450'F to 2750OF to set the binder. Subsequently, the 
shape may be impregnated with coal tar pitch or reheated. The 
reheat temperature may be 4200.F to 5500°F, and the resultant 
product, if made of petroleum coke bonded with coal tar, is arti- 
fical graphite. Nuclear grade graphite requires control of the 
impurities in the petroleum coke and the coal tar. Pyrolitic 
graphite m a y  be produced by the deposition of carbon from a vapor 
phase onto a substrate which is maintained at elevated temperatures. 

Commercial graphite products are relatively soft and can be machined 
with wood or metal working tools. However, for machining large 

quantities of reactor-grade graphite, carbide cutting tools have 
been more satisfactory. In milling operations, the life of a 
tungsten-carbide cutting tool is shorter than that of the same 

cutter ueed on ordinary steel. 
molybdenum dieilicide as a weld material and heating the assgmbly 

to 3900.F. 

Graphite may be joined by using 

Since graphite is anisotropic, it is susceptible to structural 

damage. The lattice vacancies within the planes causes a marked 

alteration in the vibrational frequencies in their vicinity, and 

the interstitial atoms will cause a buckling of the adjacent 
lattice planes which affect the lattice spacing. 

the lattice planes by individual interstitiale and complexes of 
interplanar atoms tends to restrict the normal easy gliding of 

The bending of 

E-10 
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one lattice plane over another. 
oxtre~ely hard and has good abrasive qualities. 

Irradiated graphite can become 

Moet commercial graphites show large physical dietortion under 

room temperature irradiation; however, certain graphite6 have 
ehown excellent dimensional stability. Under room temperature 
irradiation the thermal conductivity decreased markedly. The bend- 

ing strength, compressive strength, and modulus of rupture increase 

rapidly. The thermal conductivity of traneverse-cut CSF graphite 
at 30% ie expressed below 

INTEGRATED FLUX RATIO OF IRRADIATED/CONTROL 

0.22 

0.091 

2 2.5 x lo1' n/cm 
2 7.75 der 

Modulus of Elasticity 

INTEGRATED FLUX 

5 x lo1* n/cm 

1 x 10l9 n/cm 

2 

2 

RATIO OF IRRADIATED/CONTROL 

1.5 

2.0 

Ae previously discussed, the phyeical properties are highly depen- 
dent upon the method of fabrication. 
Table I&-5. 

Some examples are given in 

Table E5. Physical Propertieo of Graphite 

STRENGTH PROPERTIES : 
Tensile Strength, psi, 273'K 

AUF ( Para1 le 1 3500 poi 

AGX (Parallel) 2200 psi 
AGHT ( Parallel) 2200 pei 
AGHT ( Perpendicular) 600 PSi 

Corn. Graphite C-18 2400 psi 

Pyrolytic (parallel) 14,000 pei (302'K) 

(Per. & Para.) 

(Note: Graphite increasoo in tensile strength with increasing 

temperature. 1 
E-11 
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Flexural Strength at 77JOK 

Pyrolytic ( =  to plane) 
qtrolitic (1 to plane) 

Compressive Strength at 775'K 

Wrolitic ( = to plane) 
Pyrolitic (1 to plane) 

Elastic Modulus 
COP. Elec, Graphite, O°C 

Parallel 
Perpendicular 

Density, grp/ca3 N o m 1  
Pyrolytic 

22,000 psi at 302OC 
1,500 psi at 302OC 

14,000 psi at 302OC 
68,000 psi at 302OC 

6 
6 

1.2 X 10 psi 
0.4 x 10 psi 

1.3 - 1.9 
2.2 

THERMAL PROPERTIES : 
Sublimes 3200.C 

0.172 

0.237 

0.336 

0.396 
0,428 

Melting Point, OC 
Specific Heat, cal/g/OK 

TEMPERATURE: O K  

298 
400 
600 
800 

lo00 
Thermal Conductivity (37WK) 

cal/cr-eec-°C 

Average Parallel 0.45 

Average Perpendicular 0.30 
Coefficient of Thermal Expaneion 

in/in-*C @ 25.C 

Average Parallel 2 x log6 
Average Perpendicular 6 x 10" 

~ 

E.l.S.1 Borated Graphite. Borated graphite is a complex of boron 
carbide (B4C) euepended in graphite. 

to approxiamtely 20 percent by weight of boron. The boron carbide 

is blended with the petroleum coke and its eemifluid binders during 
the initial stages of the graphite manufacturing processc A stand- 

The material can be borated 

E-12 
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ard grade of graphite is commonly used in this process but the 
nanufacutrers indicate that high purity reactor grade can be 
borated without difficulty. The presence of the boron would un- 
doubtedly increase the radiation damage through the reaction: 

gB1o +.on1 - He 4 + 3Li 7 2 

Thermal and fast neutrons would then produce damage. 

The following information on the physical properties of borated 
graphite at 298OC is available. 

Density 1.65 g d c c  
Flexural Strength 1500 psi 

Tensile Strength 2000 pei 
Compression Strength 2000 psi 
Melting Point Sublimes 365OOC 

Borated pyrolytic graphite may produce better properties. Refer 
to the section on graphite for additional properties. 

E.1.6 Zirconium Hydride. Zirconium hydride is a dark gray solid. 
It has a face-centered cubic crystalline structure. 

The structural material may be prepared in two ways. The zirconium 

hydride may be vacuum sintered, or the pure zirconium metal may be 
hydrided. The latter method allows a variable amount of hydrogbn 
addition. The vacuum sintering method usually involves heating 
for three hours at 2300'F and subjection to 65 tone/inO2 pressure. 

Massive hydriding of the metal requires that the zirconium be fab- 
ricated to ita derllired shape and then be heated in a purified hydro- 
gen atmosphere. Machining should be performed in an inert atmosphere. 

The intermetallic ZrHlOe6 was irradiated at 45OC to the integrated 
flux: 

2 Thermal 2.45 x lo1* n/cm 
2 Fast 2.45 n/cQ 

No changes were noted in the physical properties. No information 
is available on irradiation at cryogenic temperatures. 

E-13 
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The physical properties will be dependent on the method of fabri-  
cation. The vacuum eintering and the massive hydriding technique 
both introduce the posibility of variable propertie.. 
properties are shorn in Table S6. 

Typical 

Table E-6, Physical Properties of Borated Graphite 

TYPICAL STRUCTURAL PROPEWTIES: 
Density - gm/cc 
Compressive Strength 
Yield Strength 
Tensile Strength 

800°F 

1200'F 

1600OF 

THERMAL PROPERTIES: 
Melting Point, "C 

Decomposition Point - Air - OC 
Heat Capacity , gm-cal/gm- "C 
TEMPERATURE, "C 

0- 100 

100-200 
200-300 

300- 400 

400-500 

Thermal Conductivity (cal/sec-~m-~C) 

5.6 to 6.5 
93,200 p s i  

32,400 psi 

40,000 psi 

9,000 psi 
4,000 psi 

1857 
430 

0.0823 
0.1006 
0.117 

0 1273 

0.1466 
0.52 

Coefficient of Thermal Expaneion (in/in/OF) 
TEMI'iXATURE, OF 

1000 8.5 x 

1600 3.0 x loe6 

E-14 
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E.2 GAMMA SHIELD MATERIALS 

E.2.1 Depleted Uranium. Depleted uranium is produced by removing 
almost all of the U 235 fr3m natural uranium. Tuballoy, a common 
designation for this material, has an alpha-to-beta transformation 
at 666'K, and a beta-to-gama transformation at 77l0K. The U235 
content usually exceeds 0.4 percent by weight. 

Uranium may be fabricated by a variety of methods including rolling, 
extrusion, forging, and powder-metallurgy. The material m a y  be 
easily machined. 

Nuclear radiation effects on depleted uranium will be highly depen- 
dent upon : 

a. The fast neutron flux in the depleted uranium shield. 
bo The amount of U remaining in the uranium. 
C. The thermal cycling of the shield. 

235 

The fast neutron damage to uranium is the result of two effects: 
a. The production of interstitials, vacancies, and displacements. 
b. The fast neutron fission effects. 

The energy of fission fragments is approximately 100 MeV. These 
produce additional interstitials, vacancies, displacements, and 

impurities. Studies of natural uranium have shown that below 600°K 

(1077"R) there is little valume change from fission damage, but 
above 700.K (1299'R) significant volume changes can result. The 

swelling is attributed to atomic volume increase, inert gas pro- 

duction, and the formation of gas pockets. 

Experimental evidence indicates that irradiation effects may start - 

to appear at integrated fluxes as low as 1 x 1015 n/cm2 but probably 

would not start to become significant until integrated fluxes of 

1 x 1017 n/cm2, 
be a point at which fission damage could appear and add to fast- 

neutron damage. 

An atomic burnup of 7 x atom/atom appears to 

Uranium is subject to pronounced elongation from thermal cycling. 
The elongation is influenced by the maximum temperature, range of 
temperature, length of time at elevated temperature, heating and 

E- 15 
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Table  E-7. Represen ta t ive  S t r u c t u r a l  P r o p e r t i e s  of Alpha 

Uranium a t  298'K 

Dens i ty  19 gm/cc 

Compression S t r e n g t h  Var i ab le  100,OOO p s i  

T e n s i l e  S t r e n g t h  & Elongat ion  I 

Case 6O9O0O-85 ,  000 p s i  5- 10% 

Gamma Extruded 85,000-120,900 p s i  10-18% 

B e t a  R o l l e d  60,000-85,000 p s i  10-15'16 

Alpha Rolled-Xlpha Annealed 80,OOO-110,000 p s i  10-15% 

Alpha Rolled-Beta Annealed 55,000-65,000 p s i  6-10% 

Thermal P r o p e r t i e s  

Melt ing P o i n t ,  O C  856 

S p e c i f i c  Heat (cal/grn-'C) 0.028 

Thermal Conduct iv i ty  - 2b°C 0.061 

(ca l /eec-  %) 

The thermai  expansion of uranium is h i g h l y  dependent upon c r y e t a l l o -  

g r a p h i c  d i r e c t i o n s .  For t h i s  r eason  i t  is b e s t  t o  e x p r e s s  t he  mean 

vo lumet r i c  expansion (see Table  E-8). 

E-16 

c o o l i n g  rates,  and p r i o r  mechanical t r e a t m e n t  (See F igu re  E-1) . 
The p h y s i c a l  p r o p e r t i e s  a r e  h i g h l y  dependent upon t h e  p r i o r  

m e t a l l u r g i c a l  h i s t o r y .  Because of t h e  i n c o n s i s t e n t  n a t u r e  of 

uranium, i t  is d i f f i c u l t  t o  p r e s e n t  p r e c i s e  r e p r e s e n t a t i v e  t e n -  
s i l e  da ta .  The s i t u a t i o n  is f u r t h e r  compl ica ted  by a low propor-  

t i o n a l  l i m i t .  It is d i f f i c u l t  t o  de te rmine  o f f s e t  y i e l d  s t r e n g t h  

by t h e  s t a n d a r d  i n i t i a l  t angen t  method. The t e s t i n g  tempera ture  

has a marked e f f e c t  on t h e  p r o p e r t i e s  ( s e e  F igu re  E-2). Refer  t o  

Table  E-7. 
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Figure E-2. Uranium Tensi le  and Yie ld  Strength V s  Temperature 
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Table E-8. Mean Volumetric Thermal-Expansion Coefficients of 

Alpha Uranium (in/in/"C x loo6) 

TEMP RANGE "C VALUE 
- ~~ 

0-50 
0- 100 
0-150 
0-200 
0-400 

43 . 44 
44.41 
45 62 
46.62 
52.17 

E.2 .2  Stainless Steel. A large number of stainless steels are 
available for shields. The properties of the steels at cryogenic 
temperatures will be determining factors in the selection. 

The wide variety of methods of fabricating stainless steel are well 
known and no detailed discussion will be attempted. Stainless 

steels in general and austenitic grades in particular are more 

difficult to machine than ordinary steel. Special treatments of 
welds are required when unstabilized stainless steels are joined. 

Extensive data is available regarding the effects of nuclear radia- 
tion on stainless steels, including data at cryogenic temperatures 
obtained by General Dynamics/Astronautics. Representative data at 
non-cryogenic temperatures is presented in Table E-9. 

Table E-9. Yield Strength of Various Stainless Steels at an 
Irradiation Temperature of 200°F 

YIELD STRENGTH 
0.2% OFFSET, PSI ALMY CONDITION 

301 Control 38,400 

Irrad 87,000 

302 Control 33,840 

Irrad 84,000 
305 Control 32,100 

Irrad 71,400 
347 Control 37,000 

Irrad 96,500 
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I r r a d i a t i o n s  at -423'F of C i S S  301 and CRES 310 t o  an  i n t e g r a t e d  

f l u x  of approximately 2 x lo1' n/cm2 i n d i c a t e d  ve ry  l i t t l e  change 

i n  y i e l d  s t r e n g t h ,  b u t  some d e c r e a s e  i n  u l t i m a t e  t e n s i l e  s t r e n g t h .  

There is e x t e n s i v e  d a t a  on p h y s i c a l  p r o p e r t i e s  of s t a in l e s s  s t e e l s  

a t  c ryogenic  and e l e v a t e d  tempera tures .  T h i s  d a t a  w i l l  n o t  be 

r epea ted  i n  t h i s  r e p o r t .  Reference Na t iona l  Bureau of S tanda rds ,  

Cryogenic Materials Handbook, and General  Dynamics Reports .  Ther- 

m a l  p r o p e r t i e s  are i n d i c a t e d  below. 

T LIEELMAL PROPERTI ES 
Melting Po in t  ("C) 1400 

Thermal Conduc t iv i ty  (cal/sec-cm-'C) 0.4-0.6 

Mean C o e f f i c i e n t  of Thermal 9-12 x 

Expansion ( in/ in/ 'c)  

E.2.2.1 Borated S t a i n l e s s  S t e e l .  Re fe r  t o  t h e  s e c t i o n  on s t a i n -  

l ess  s t e e l s .  Borated s t a i n l e s s  s tee l  is e s s e n t i a l l y  a two-phase 

a l l o y  composed of a complex b o r i t e  phase i n  an a u s t e n i t i c  chrome- 

n i c k e l - i r o n  matrix. A common a l l o y i n g  s t a i n l e s s  s t e e l  is CRdS 304. 

Most of t h e  commercial materials c o n t a i n  less t h a n  2 percen t  by 

weight of  boron. The e f f e c t i v e n e s s  of t h e  boron can be  i n c r e a s e d  
10 by e n r i c h i n g  t h e  boron w i t h  B . Some have f e l t  t h a t  vacuum- 

melted bo ra t ed  s t a i n l e s s  s tee l  a l l o y s  are s u p e r i o r  t o  a i r - m e l t e d  

a l l o y s .  Concen t r a t ions  of boron above 1.0-1.5 pe rcen t  by weight  

have been d i f f i c u l t  t o  f o r g e  or work on r o l l s .  C a s t i n g  of p l a t e s  

of h i g h e r  boron c o n c e n t r a t i o n  h a s  been cons idered .  When boron  

c o n t a i n i n g  s t a i n l e s s  steels are welded t h e r e  is a tendency f o r  t h e  

boron t o  d i f f u s e  i n t o  t h e  weld, r e s u l t i n g  i n  d i f f i c u l t i e s .  

The a d d i t i o n  of boron t o  s t a i n l e s s  s t e e l  g r e a t l y  i n c r e a s e s  t h e  

r a d i a t i o n  damage, The primary r e a c t i o n  is: 

1 4 7 BIO + on - He + 3Li . 
5 2 

The r e s u l t i n g  damage is t h e r e f o r e  from b o t h  thermal  and fas t  

neut rons .  I n  a d d i t i o n ,  there is t h e  p o s s i b i l i t y  of g a s  build-up. 
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Cracks of unknown origin are found in material experiencing high 
burn-up. The addition of boron to stainless steel generally in- 
creases the tensile strength and decreases the elongation. The 
effect on yield strength is variable (refer to Table E-10). 

Table %lo. Physical Properties of Irradiated Boron Steels 

NATURAL BORON INTISGKATED FLUX ULTIMATE YIELD STHI?=NGT'1: ELONG . , 
CONTENT N/CM~ TWSILE, PSI 0.2% OFFSEX,tSI 96 

1.18 

1.64 

1.8 

2.04 

~~ 

0 

3.4 x 1O2O 
0 

0.97 

0 

5.8 

0 

7.3 

~~ ~ 

96 200 

151,000 
101 ,OOo 

117,400 
84,200 

148,600 

47,000 

137,000 

~~~ ~ 

39,000 

130,000 
42,000 

96 9 000 

41,300 

134,000 
47,000 

138,000 

~~ 

18 

Slight 
14 

Slight 
8 

None 

5.4 
None 

E.2.3 Tungsten. Tungsten is attractive as a gamma shield because 
of its high density. 

techniques. Pressures of 25,000 p s i  are employed. The compacta 
are presintered at 1800 to 2200'F. Machining of tungsten is diffi- 
cult and most finishing is done by grinding. 
at 1300 to 1400OC and welding is possible, but the joints are brit- 

tle. 

It is generally produced by powder-metallurgy 

Rolling is possible 

Little data is available on the effects of radiation on tungsten. 
Exposure-to 1 x lo1' n/can2 thermal neutrons and 5 x lo1' fast 
neutrons did not affect the hardness of tungsten. The density 
decreased from 0.1 to 0.15 percent. After a similar exposure 

tungsten wire decreased in tensile strength approximately 22 per- 
cent. 

The physical properties of tungsten are highly dependent on the 
previous history of the metal (refer to Table E-11). 

E-21 
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Table E-11. Properties of Tungsten 
_- 

Representative Structural Properties 
Density 

Tensile Strength 
Thermal Properties 

Melting Point, OC 
Specific Heat (cal/gm/'C) 

2O0C 

1000 O c 
Coefficient of Linear Expansion 

per "C 

25-500°C 

Thermal Conductivity 

cal/sec-cm-°C 

- 183 O C  

-7dOC 

0°C 
1225 OC 

3 16-18.5 g/cn 

16,000 psi 

+ 3410 - 20 

0.033 

0.036 

4.45-5.0 x loo6 

0.46 

0.41 
0.40 

0.28 

E . 2 . 3 . 1  Tungsten Alloys. Tungsten alloys provide the density of 
tungsten plus improved fabrication properties. The available alloys 
include : 

ALLOYS COMPANY 

Mallory 1000 (P .R.  Mallory Co.) 
Hevimet (General Electric) 

Fansteel 77 (Fansteel Metallurgical Co.) 
Uensa 11 oy (lelded Carbode Tool Co.) 

The alloying materials are primarily nickel and copper. 

The alloys are fabricated by employing powder-metallurgy, and the 
alloys are machinable. Radiation damage data for these alloys is 
not available. Refer to the section on tungsten. Physical pro- 
perty data is available on numerou~ alloys of nickel, copper, and 
tungsten (refer to Table E-12). 
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Table  E-12. P r o p e r t i e s  of Tungeten Al loys  

Repre s e n t  a t  i v e  S t r u c t u r a l  P r o p e r t  i es 
Dens i ty  - gm/cc 

Mallory 

F a n s t e e l  77 

T e n s i l e  S t r e n g t h ,  p s i  

Mallory 1000 

F a n s t e e l  77 

Hevime t 
Yie ld  S t r e n g t h  ( p s i )  - Mallory 

loo0 
Compressive S t r e n g t h  ( p s i )  

R e p r e s e n t a t i v e  Thermal  P r o p e r t i e s  

Mel t ing  P o i n t ,  OC 

Thermal Conduc t iv i ty ,  

cal/crn-sec-°C 

C o e f f i c i e n t  of Thermal Expansion, 

i n / i  n/ C 

16.96 

17.2 

112,000 

70 , 000 
118,000 

75,000 

162 , 000 

3400 

0.235 

5.4 x loo6 

E . 2 . 4  Lead. Lead is e x t e n s i v e l y  used as a gainma s h i e l d ,  b u t  

g e n e r a l l y  has  poor  s t r u c t u r a l  p r o p e r t i e s  f o r  a metal. It is easi ly  

c a s t ,  very d u c t i l e ,  and may be f a b r i c a t e d  by s t a n d a r d  metal-workihg 

techniques .  Lead is o f t e n  employed i n  s h e e t  form. Normally, l e a d  

is suppor ted  by s t r u c t u r a l ,  suppor t  members when it is used. Bonding 

t o  the  s t r u c t u r a l  suppor t  may be accomplished by l e a d  burn ing ,  

chemical a d h e s i v e s ,  o r  fasteners. Composition is extremely impor- 

t a n t  i n  lead-bonding o p e r a t i o n s .  There is no data which i n d i c a t e s  

that lead is a f f e c t e d  by r a d i a t i o n  exposure.  Lead is a l l o y e d  t o  

improve mechanical  p r o p e r t i e s .  Antimony is commonly used (seo 

Table 8-13). 
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Table  E-13. P h y s i c a l  P r o p e r t i e s  of Lead 

R e p r e s e n t a t i v e  , S t r u c t u r a l  P r o p e r t i e s  

COMM. PURE 4% ANTIMONIAL 

3 Densi ty  gm/cm 

T e n s i l e  S t r e n g t h  ( p s i )  

Yie ld  S t r e n g t h  

20QC 

-300.C 

E l a s  t i c  Modulus 

S t r e s s  t o  Produce Creep 
1% p e r  Year 

11 34 11.04 

2380-2630 4020 

1180-1320 - -  
1200-1400 - -  

6 2.56 x 10 p s i  - - 
200 p s i  

Thermal P r o p e r t i e s  

COMM. PURE 456 ANTIMONIAL 

Melt ing  P o i n t ,  OC 

S p e c i f i c  Heat, 
gm-cal/g/'C 

Thermal Conduct iv i ty ,  
c a l / s e c  - c r n - O  C 

C o e f f i c i e n t  of Thermal 
Yxpansion, in/in/OC 

327 300 

0.031 0.0318 

0.083 0.073 

2.9 x 27.8 x 

E*2.4*1 Lead-p la s t i c  Matr ix .  The employment of l e a d - p l a s t i c  

m a t r i x  material i n  ~ o m e  ins tances  might be more d e s i r a b l e  than  l e a d  

o r  a n o t h e r  s h i e l d i n g  material. F i n e l y  d iv ided  l e a d  is i n c o r p o r a t e d  

i n t o  a p l a s t i c  m a t e r i a l  p r i o r  t o  molding. 

b e l i e v e d  t o  be l i m i t e d  t o  approximate ly  95 p e r c e n t  by weight.  

r e s u l t i n g  m a t e r i a l  is f a b r i c a t e d  by p l a s t i c  or e la s tomer  f a b r i c a t i o n  

t echn iques  dependent upon t h e  o rgan ic  material employed. 

k a d i a t i o n  damage w i l l  depend upon t h e  p l a s t i c  used. Max imum 

r a d i a t i o n  r e s i s t a n c e  would probably  be accomplished by u s i n g  epoxy, 

p h e n o l i c s ,  o r  a romat ic  po lyu re thanes  as t h e  o rgan ic  b inde r .  

The l e a d  c o n t e n t  is 
The 
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D e t a i l e d  p h y s i c a l  p r o p e r t y  d a t a  is n o t  a v a i l a b l e  f o r  l e a d - p l a s t i c  

m a t r i x  m a t e r i a l s  s u i t a b l e  f o r  s h i e l d i n g  a p p l i c a t i o n s .  I t  is b e l i e v e d  

t h a t  t h e  t e n s i l e  s t r e n g t h  would be  less than  1000 p s i  and t h e  

e l o n g a t i o n  approximate ly  100 pe rcen t .  

E.2.5 Bismuth.  Bismuth has a r e l a t i v e l y  h igh  d e n s i t y  and may 

b e  a p p l i c a b l e  as a gamma s h i e l d .  The m a t e r i a l  is b r i t t l e  and is 

u s u a l l y  c a s t  i n t o  t h e  d e s i r e d  shapes  r a t h e r  than be ing  machined o r  

r o l l e d .  L i t t l e  r a d i a t i o n  damage in fo rma t ion  is a v a i l a b l e .  Bismuth 
2 metal exposed t o  a n  i n t e g r a t e d  f a s t  neut ron  f l u x  of 2 x lo1* n/cm 

(E >1 M e V )  a t  100°C showed no i n d i c a t i o n  of r a d i a t i o n  damage. P h y s i c a l  

p r o p e r t i e s  a r e  suminarized i n  Tab le  E-14. 

Tab le  E-14, P r o p e r t i e s  of Bismuth 

Mechanical P r o p e r t i e s :  

Dens i ty  

Thermal P r o p e r t i e s :  

Mel t ing  P o i n t ,  OC 

Spec i f  i c  Heat , ca l /g  

Temp, *C 

-1 50 

-100 

0 

20 

100 

in/in/.C 
C o e f f i c i e n t  of Thermal Expansion, 

Temp, O C  

-180 t o  +15 

1 9  t o  101 

Thermal Conduct iv i ty ,  
cal/sec-cm-OC 

Temp, OC 
-186 

0 

9.8 gm/cc 

27 1 

0.0264 

0.0273 

0.0291 

0.0294 

0.0304 

12.98 x loo6 
13.45 x lom6 

0.025 

0 . 0177 
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